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ran 1  tower^thS  c^TT  hi  n°W  haV®  *  remarkable  new  tool.  Microprocessors 

thereb^Za^lJ^  mC™  the  flexibiIity  of  e,ectronic  equipment, 
tnei eo>  blazing  a  trail  for  new  and  exciting  uses. 

e-imut  from^traffir1106  (f0n!ined  largely  Point-of-sale-terminals  now  run  the 
tom  outer  terminal^'1  ro  systems  to  sma11  accounting  equipment,  and  from 
n  „  ,  .  ,  ‘  s  °  in  ustr>al-process  controllers.  In  some  cases,  micro- 

piocessoi -based  systems  have  even  replaced  dedicated  minicomputers. 

ogether  with  memory  and  peripheral  circuitry,  processor  chips  form 
complete  microcomputers.  In  complexity,  these  micros  fall  midway  between 
small,  hand-held  calculators  and  conventional  minicomputers.  And  micro¬ 
computers  bring  with  them  some  of  the  features  of  both.  Like  calculators, 
tlie>  le  compact  and  inexpensive.  But  like  minicomputers  they  can  be  pro¬ 
grammed  for  a  wide  range  of  tasks  and  work  with  such  computer  peripheral 
devices  as  magnetic  memories  and  high-speed  printers. 

Through  imaginative  design,  engineers  can  use  software  to  adapt  basic 
microprocessor  hardware  for  a  host  of  applications.  However,  the  software 
phase  of  design  can  entail  an  extensive  learning  process  for  those  engineers 
who  are  more  at  home  with  gates  and  registers. 

This  book  deals  with  both  the  hardware  and  software  aspects  of  micro¬ 
computer  design.  It  presents  application  articles,  tutorial  discussions,  and 
survey  reports  published  in  ELECTRONIC  DESIGN  from  1973  to  1975.  The 
emphasis  is  a  practical  one.  Subjects  covered  in  detail  include  how  to  select 
circuits,  how  to  interpret  their  capabilities,  how  to  extend  their  useful  range, 
and  how  to  apply  them. 


July  1975 


Edward  A.  Torrero 
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Industry  Enters  the 
Microprocessor  Era 

T  lie  first  article  discusses  the  wide  range  of  products  available  and  explores 
the  pitfalls  of  microprocessor  selection.  Other  articles  deal  with  micropro¬ 
cessor  penetration  into  instrumentation  and  industrial  electronics,  and  its 


threat  to  minicomputers. 
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Focus  on  Microprocessors 
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Digital  designers  faced  with  the  many  perfor¬ 
mance  claims  for  new  LSI  microprocessors  might 
conclude  that  one  of  these  little,  low-cost  marvels 
could  solve  all  their  system  problems.  After  all,  if 
a  small  IC  offers  the  processing  of  a  computer, 
replaces  scores  of  standard  logic  circuits,  and  has 
a  seemingly  endless  list  of  applications,  who  needs 
to  design  with  anything  else? 

Closer  examination  of  the  burgeoning  applica¬ 
tion  literature  for  a  “computer  on  a  chip”  reveals 
a  different  picture.  A  large-scale  integration  proc¬ 
essor,  for  example,  does  perform  many  of  the 
functions  of  the  central  processing  unit  in  con¬ 
ventional  computers.  But  to  use  the  circuit,  many 
more  ICs  may  be  needed  to  interface  with 
peripheral  devices,  data-communication  lines  and 
even  its  own  memory. 

And  that  low  price  tag  on  the  LSI  processor — 
typically,  well  under  $100  for  4-bit  word-length 
units  and  under  $400  for  8-bit  units — is  low 
compared  with  the  thousands  of  dollars  needed 
for  a  general-purpose  minicomputer.  However,  to 
build  a  full-fledged  microcomputer,  you  need 
memory,  and  the  cost  of  that  can  easily  exceed 
the  price  of  the  processor. 

Moreover,  if  you  add  up  the  cost  of  all  the 
necessary  hardware  components,  you  may  find  the 
total  exceeding  the  less-than-$1000  level  of  “strip¬ 
ped  down”  minicomputers  available  on  PC  boards. 

Pr°gramming — unfamiliar  demands 

A  decision  to  use  an  LSI  processor  opens  up 

v, hole  new  design  ball  game.  Not  only  must  a 
Jigital  designer  contend  with  the  relatively 
,lmiliar  requirements  of  any  logic  system.  The 


Combine  an  LSI  microprocessor  with  associated  circuitry 

and  memory,  and  you  obtain  a  microcomputer.  In  the 
foreground  are  LSI  circuits  and  prototype  systems  offer¬ 
ed  by  Rockwell  International.  The  manufacturer's  line 
includes  4  and  8-bit  microprocessor  chip  sets. 


designer  must  also  grapple  with  the  relatively 
unfamiliar  demands  of  programming.  And  soft¬ 
ware  development,  usually  involving  assembly 
language  (only  one  step  up  from  a  computers 
inherent  machine  language  of  ONEs  and 
ZEROs),  represents  by  far  the  major  design  ef¬ 
fort  and  cost. 

In  addition  microprocessors  don  t  lend  them¬ 
selves  to  the  traditional  "learning  curve”  for  new 
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Dice  mounted  on  a  substrate  form 
a  microprocessor  system.  This 
unique  packaging  approach  jS 
used  by  Teledyne  Semiconductor. 
Other  vendors  typically  mount 
DIPs  on  PC  boards. 


components.  Previously  the  experience  gained  in 
the  use  of  one  component  could  be  transferred  to 
a  similar  component  from  another  manufacturer. 
But  different  microprocessors  generally  don’t 
have  alternate  sources.  And  the  chips  come  with 
different  software  capabilities,  hardware  require¬ 
ments  and  design  aids.  Hence  a  completed  design, 
using  one  LSI  processor,  might  have  to  be  scrap¬ 
ped  totally  if  you  decide  to  turn  to  another 
vendor’s  unit. 

Still,  there  are  major  benefits.  Microprocessors 
are  unique  among  ICs  in  that  they  can  be  pro¬ 
grammed  like  computers.  As  a  result,  they  permit 
a  tradeoff  of  software  for  hardware  to  achieve  a 
dazzling  increase  in  system  capability  and  versa¬ 
tility. 

They  can  be  used  economically  to  replace  or 
upgrade  random-logic  designs,  involving  scores 
of  standard  ICs,  when  many  functions  must  be 
performed.  And  they  use  less  circuitry  than  hard¬ 
wired  logic  in  applications  emphasizing  random 
collection  and  routing  of  data. 

Of  course,  for  some  applications  microproces¬ 
sors  are  not  the  sole  LSI  alternative.  Complex 
logic  decisions  might  be  handled  just  as  well  with 
circuitry  using  programmable  logic  arrays.  And 
arithmetic  computations  are  performed  by  arith¬ 
metic  logic  units  or  by  calculator  chips— from 
which  a  number  of  microprocessors  have  evolved. 
Custom  LSI  chips  provide  yet  another  alterna¬ 
tive. 

Nevertheless  microprocessors  are  filling  the 
gap  between  special-purpose  LSI  circuits  and 
conventional  minicomputers.  They  are  currently 
finding  their  greatest  use  as  decentralized 


cheaper  minis  in  remote,  programmable  con¬ 
trollers. 

There’s  a  wide  product  range 

The  many  advantages  of  microprocessors  are 
creating  a  demand  that  manufacturers  are  meet¬ 
ing  in  a  variety  of  ways.  Designers  can  choose 
from  among  single  or  multichip  processors,  chip 
sets  or  PC-board  assemblies,  and  from  among  » 
wide  range  of  technologies. 

The  most  common  technology  is  silicon-gate, 
p-channel  MOS  (PMOS).  But  manufacturers  are 

also  using  n-channel  MOS  (NMOS)  and  sl  1C° 
on-sapphire  MOS  (SOS  MOS)  to  achieve  spe 
that  are  higher  than  those  possible  wit  ^ 
Bipolar  processes  are  employed  for  t  e 
speeds — about  200-ns  cycle  vs  2  {is  or  ‘  . 

types.  Complementary  MOS  (CMOS)  ^  ^S_r8nge 
the  lowest  power  dissipations — mn'i  oV\‘^  otj,er 
chip  dissipation  vs  milliwatt  range 

types.  various 

Standard  LSI-processor  products  ^ 
configurations  handle  data  in  4,  mjcr0proc- 
word  lengths,  and  modular  multichip  word- 
essors  can  be  used  to  achieve  even  0  atioi& 
length  processing.  The  available™*1^  ^n0«- 
with  their  major  features,  consis  o 

■  Microprocessor  chip  sets,  'ncJll^t>rnor-icj;. 

interface  ICs  and  sometimes  aP®01  ^  aysiein 

simplify  designs  of  minimum-har  • 

for  specific  applications.  .  to  ‘‘lirT'' 

■  Microprocessor-based  IWC  >  ,-ntercorlP‘ 
nate  the  need  to  test,  assemble  a 
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processor  chips,  peripheral  circuits  and  memory 
for  a  variety  of  applications. 

■  General-purpose — n  ondedicate  d— micro¬ 
computers,  on  cards  or  in  boxes,  to  permit  sys¬ 
tem  design,  development  and  testing.  These  are 
offered  by  component  manufacturers,  as  well  as, 
a  growing  number  of  other  vendors. 

■  Microprocessor-based  minicomputers  offer¬ 
ing,  as  a  result  of  their  traditional  mini  features, 
maximum  flexibility  and  capability  when  com¬ 
pared  with  MOS  microcomputers.  Offered  by 
minicomputer  manufacturers,  these  units  general¬ 
ly  use  custom  MOS  processors. 

The  cost  of  each  configuration  increases  with 
a  unit’s  complexity.  At  the  minicomputer  level, 
hardware  cost  might  be  the  highest.  But  available 
software  support  is  the  most  extensive.  Design¬ 
ers  tend  to  feel  that  the  number  of  units  deter¬ 
mines  the  major  tradeoff  in  a  choice  between  a 
micro  and  minicomputer.  A  small  number  of 
units — as  for  an  end-user  application — can  best 
be  served  by  a  mini,  which  can  minimize  software 
development  costs.  But  for  large  quantities — as 
for  an  OEM  application — a  microcomputer  can 
minimize  hardware  costs. 

Chip  sets  improve  early  versions 

Due  to  increasing  availability  of  special  inter¬ 
face  circuits  and  improvements  in  processor-chip 
architecture,  fewer  additional  circuits  are  needed 
for  the  newest  microprocessors  than  for  earlier 
versions.  First-generation  8-bit  processors,  for 
example,  typically  needed  about  20  additional 
standard-TTL  circuits  to  make  them  work. 

The  extra  ICs  include  the  following:  registers 
to  address  memory,  either  ROM  or  RAM ;  decod¬ 
ers  to  interface  with  memories ;  other  ICs  to  han¬ 
dle  processor  information  and  to  synchronize  the 
operation  of  the  processor  and  circuits ;  clock  cir¬ 
cuits,  and  a  variable  amount  of  interface  ICs, 
depending  on  the  application.  For  example,  in  a 
multichannel  data-communications  application 
each  channel  requires  an  asynchronous  receiver/ 
transmitter  and  associated  interface  ICs. 

fiut  even  with  newer  processors,  applications 
''tdl  can  require  additional  circuitry  to  obtain 
on~  or  more  of  the  following :  clock  generation 
ar.,cj  ^ming,  memory  and  I/O  control,  data  and 
*  t  ress  buffering,  multiplexed  inputs,  interrupt 
,ntiol,  refresh  for  dvnamic  memories  and  addi- 
IOJal  supply  voltages! 

PaV^  s°me  microprocessors  are  offered  only  as 
°f  th°^  COmPiete  chip  sets  or  with  the  purchase 
man  f  associated  memory  from  the  same  IC 
you  J  |  turer.  This  may  not  be  a  problem  if 
aafl,  an  to  buy  all  your  components  from  the 

ar°un S]  HlrCe’  S^°P  y°u  from  sb°PP*nff 

of  Cor  tor  the  lowest  price  and  precludes  the  use 
memory — -which  most  processors  can  ac- 
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eept  just  as  well  as  semiconductor  types.  Also, 

^°Uj  P,I,chase  a  chip  set,  you  must  design 
around  the  circuits  offered. 


Specs  don’t  tell  all 


Dnlike  the  less-complicated  ICs,  microproces¬ 
sors  cannot  be  completely  characterized  on  a 
simple  data  sheet.  Moreover  different  vendors 
use  different  parameters  to  measure  a  processor’s 
capabilities.  This  makes  any  comparison  of  proc¬ 
essors — not  to  mention  selection  of  the  best  one — 
a  difficult  task.  And  there’s  no  trend  in  sight 
toward  standardization. 

A  microprocessor’s  computing  speed  is  a  case 
in  point.  Frequently  manufacturers  use  a  basic 
cycle  time,  or  period — sometimes  called  a  micro¬ 
cycle  to  denote  speed.  But  many  microcomputer 
operations  require  several  such  cycles  to  be  per¬ 
formed.  This  applies  especially  to  the  execution 
of  the  more  powerful  instructions.  Hence  a 
critical  instruction  may  require  more  time  than 
that  indicated  by  the  basic  cycle. 

In  addition  a  microprocessor’s  maximum  clock 
rate  can  be  misleading,  if  taken  for  a  measure 
of  speed.  It’s  possible  for  one  microprocessor  to 
perform  basic  operations — like  register-to-regis- 
ter  add — faster  than  a  unit  using  a  higher  clock 
rate.  Differences  in  microprocessor  architecture 
and  chip  design  tend  to  minimize  the  importance 
of  the  clock-rate  spec. 

Other  specs  given  to  indicate  speed  include 
minimum  instruction  time,  interrupt  response 
time,  and  time  to  add  two  numbers — which  may 
already  reside  in  the  processor.  Like  cycle  time 
and  clock  rate,  these  numbers  don’t  measure  such 
critical  times  as  the  over-all  time  needed  to  per¬ 
form  important  routines.  Excluded  are  additional 
delays,  such  as  those  needed  to  obtain  data  from 
memory.  The  solution  is  to  use  benchmark  pro¬ 
grams  tailored  to  your  application  as  a  basis  for 
selection  of  one  microprocessor  over  another. 

Use  of  benchmark  programs  can  determine  the 
power  of  the  instruction  set,  thus  circumventing 
one  of  the  most  abused  specs — the  number  of 
instructions.  Microprocessor  comparisons  based 
on  this  number  abound,  although  such  compari¬ 
sons  have  serious  flaws. 

For  example,  a  simple  number  doesn’t  reveal 
what  instructions  are  available  for  data  move¬ 
ment  and  manipulation,  for  decision  and  control 
and  for  input/output  operations.  Some  micro¬ 
processors  have  far  more  I/O  instructions  than 
others;  they  are  tailored  for  a  specific  class  o 
applications.  And  missing  instructions  can  always 
be  performed  by  routines,  although  with  a  sacn- 

'number  of  instructions  claimed  for 
the  same  microprocessor  can  mciease  „ 

pa«e  of  a  reference  manual  to  another.  One 
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reason  is  that  instructions  that  raov* 
been  multiplied  by  the  number  i 

m0Common  addressing  modes  include  direct,  im¬ 
mediate  and  indirect.  In  the  immediate  mode .the 
instruction  includes  data,  while  m  the  indirect 
mode,  an  address  preloaded  into  a  register  in¬ 
creases  the  address  bits  in  an  instruction.  \  ana- 
tions  and  extensions  of  these  modes  are  a  so 
available,  so  a  basic  instruction  can  be  multiplied 

several  times.  .  . 

Other  factors  that  inflate  the  number  ot  in¬ 
structions  may  be  the  number  of  registers  in, 
say,  a  load-to-register  operation — or  the  number 
of  conditions — for  example,  those  on  which  a 
branch  may  occur. 

Of  course,  improved  instruction  sets  are  ob¬ 
tained  with  longer  word-length  microprocessors 
and  advanced  versions  of  smaller  units.  For  ex¬ 
ample,  16-bit  microprocessors  have  instructions 
for  multiply  and  divide — functions  that  require 


They're  not  “computers  on  a  chip"— yet.  But  LSI  micro- 
processors,  symbolized  by  this  wafer  from  Intel,  perform 
many  of  the  functions  of  central-processing  units  in 
conventional  computers. 


software  routines  in  8-bit  models. 

And  advanced  microprocessors  feature  more 
powerful  instructions  as  well  as  the  original  set 

of,a,  P';edrf»r-  However,  this  “software  com¬ 
patibility  doesn't  allow  routine  upgrading  of 
systems  by  chip  replacement.  In  general,  expect 
to  redesign  to  employ  the  new  hardware/sVft 
ware  tradeoffs  efficiently.  1 

Kor  virtually  all  models,  data  sheets  claim  TTI 
compatibility.  But  don’t  exnert  ™  1TL 

processors  to  drive  TTL  loads-  m  ^ny,  M0S 
term  primarily  refers  to  the  fact  tb°!\d°n  The 
processor  and  TTL  circuit  car,  hat  >0th  micr°- 

supply  Newer  models  list  a  maximum  ^  5'V 
capability  Ohiy  „„e  stand„rd  ^  £}*££ 
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models  require  external  components  to  a , . 
the  interface  levels  needed  for  logic  eompatj^ 

Watch  architectural  claims,  too 

Many  computer-like  features  of  micropr 
sors  are  frequently  cited,  including  the  numi^ 
and  function  of  registers,  the  type  and  depth 
stack,  interrupt  capability  and  direct-memory 
cess  (DMA).  However,  there  isn’t  as  much  ar  t- 
tectural  diversity  as  there  is  with  minicornpu^' 
IC  manufacturers  are  constrained  by  techno]^*', 
limitations,  so  that  comparable  microprocessT 
tend  to  perform  similarly.  For  example,  prejjJj8 
nary  benchmark  programs  run  by  several  manu 
facturers  for  their  8-bit,  single-chip  NMOS  proc 
essors  often  show  comparable  execution  times 

Data  sheets  frequently  boast  several  working 
registers.  But  only  a  single  register,  the  accumu¬ 
lator,  is  essential.  An  accumulator,  however,  must 
have  access  to  memory,  and  available  instructions 
should  permit  immediate  addressing  and  data 
manipulation  between  the  accumulator  and 
memory.  If  indirect  addressing  is  available,  even 
the  function  of  special  index  registers  can  be 
accomplished  with  memory. 

The  major  significance  of  additional  registers 
lies  in  access  time  and  the  bit  efficiency  of  in¬ 
struction  words.  It  takes  far  fewer  bits  to  specify 
one  of  several  previously  defined  working  regis¬ 
ters  than  a  memory  location.  And  a  faster  execu¬ 
tion  time  can  be  obtained  with  registers  that  are 
separate  from  memory.  They  can  be  accessed 
without  exceSvSive  memory-cycle  delays.  Other¬ 
wise  it  doesn’t  matter  whether  these  registers 
are  in  an  external  memory  or  in  the  processor, 
so  long  as  they  can  be  referenced  efficiently. 

Some  data  sheets  might  seem  to  imply  that  the 
quantity  of  registers  is  more  significant  than 
their  quality.  It  isn’t.  Not  all  registers  can  be 
incremented  and  tested  for  zero,  even  though  they 
are  described  as  “general-purpose.”  Those  that 
can  may  be  used  for  counting  and  program-loop 


control.  In  general,  not  all  registers  can 


be  used 


WUU  ui,  ill  rtl  ,  UVb  clll 

for  indexed  addressing.  Nor  can  they  be  loa<  ^ 
directly  from  memory — rather  than  only 
the  accumulator — or  used  as  a  source  or  destine 
tion  for  arithmetic  logic  operations.  .g_ 

Microprocessors  employ  stack-oriented 
ters  that  can  be  accessed  only  in  a  last-in- irs 
basis— the  so-called  LIFO,  or 
These  are  used  for  subroutine  nesting.  m  ^ 
and  for  temporary  storage  of  data.  They  .  ^ 
either  on  the  chip  (a  hardware  stack)  o1^  inp 
to  the  processor  in  memory  (a  software,  o  ^ 
er,  stack).  The  hardware  stack  pernn  ^ 
speed  operation,  but  it  has  limited  size, 
of  the  software  stack  may  be  as  large  ftS  ‘^gt  be 
memory  space  permits,  but  the 
maintained  by  the  program. 
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interrupt  capability  is  an  absolute  must  for 
applications  that  involve  asynchronous  or  unpre¬ 
dictable  events.  All  microprocessors  claim  some 
tvpe  of  interrupt  handling  ability,  but  the  extent 
can  vary  from  one  unit  to  an°ther.  With  older 
processors,  you  have  to  design  the  means  to  save 
[he  contents  of  the  processor  just  prior  to  the 
interrupt,  and  then  restore  the  information  after 
the  interrupt  is  serviced. 

Those  means  may  involve  reservation  of  regis¬ 
ters  on  the  chip,  use  of  external  registers  or  use 
of  another  microprocessor.  Any  of  these  methods 
can  store  the  essential  contents  of  the  processing 
unit.  Software  control,  involving  special  routines, 
must  also  be  provided  to  complete  the  design.  The 
complexity  of  these  techniques  tends  to  discour¬ 
age  designers  from  attempting  to  handle  even  a 
single  interrupt. 

Newer  microprocessors  can  accommodate  single- 
line,  multilevel  and  vectored  interrupts,  and  they 
save  essential  registers  automatically.  A  complete 
saving  must  be  programmed.  In  one  single-line 
interrupt  system,  device-interrupt  requests  are 
ORed  together  to  form  one  request  line.  The  pro¬ 
gram  identifies  the  device  and  resolves  priority. 
A  multilevel  scheme  employs  several  single-level 
sense  lines  to  handle  additional  interrupts.  For 
very  fast  response,  the  vectored  interrupt  direct¬ 
ly  branches  to  a  memory  location  that  corresponds 
to  a  specific  interrupt. 

Another  feature  that  depends  on  the  unit  is 
DMA  capability.  For  some  units,  a  “direct”  ac¬ 
cess  of  memory  must  be  performed  indirectly 
through  the  microprocessor’s  usual  word-by-word 
transfer  procedure.  This  may  not  be  a  problem 
if  you  don’t  mind  the  processor’s  idle  time,  but 
it  does  limit  data-transfer  efficiency. 

And  don’t  expect  I/O  data  throughput  rates 
always  to  include  the  time  needed  to  sense  for  a 
device  or  to  respond  to  an  interrupt.  When  these 
times  are  included,  the  actual  throughput  can  be 
significantly  less  than  expected. 


fixed  instruction  vs  microprogram 

Most  microprocessors  come  with  fixed  instruc¬ 
tor!  sets,  around  which  software  must  be  de- 
VeoPed  for  an  application.  For  some  units,  how- 
th  '  h  •  0p^on  ex‘sts  f°r  microprogramming, 
instr  *  •  a^er  or  totally  change  the  original 
m'  ,ll(  tion  set.  In  essence,  you  program  the 

0btai>P,.OCeS8Or'S  ^n^erna^  microinstructions  to 
th« . 1,1  ?  macroinstruction  set  that  is  tailored  to 

ThePlCati0n' 

increase'll  an^ageS  microProl?rammin£  include 
cuted  c  sPee^>  since  microinstructions  are  exe- 
are.  Also^ s‘^erably  faster  than  macroinstructions 
level  of  °  ^hnique  allows  a  more  detailed 

Ware;  th°ntr°*  ^at  can  ^  use<^  *°  rec^uce  hal*d- 
Piogram  controls  more  functions. 


ecaase  of  the  hardware  savings,  vendors  ex- 
ec  micropi  ogramming  to  find  its  greatest  use 
"+•  arP‘e"vo*unie  applications — in  excess  of  tens 
0  nousands  ot  units.  Alternatively,  micropro¬ 
gramming  represents  the  logical  choice  for  an 
emulation  of  another  computing  system  or  for 
the  speedy  execution  of  critical,  short  routines. 

e  exceptional  skills  required  for  micropro¬ 
gramming  constitute  its  major  disadvantage.  A 
microprogrammer  must  deal  with  the  specific 
timing  relationships  of  the  internal  architecture. 
And  since  each  application  requires  a  separate 
microprogram,  each  has  its  own  instruction  set 
that  can’t  be  transferred  easily  to  another  appli¬ 
cation.  Nor  can  software  design  aids,  geared  to¬ 
ward  the  fixed  instruction  set,  be  applied  to  the 
changed  set. 


Design  aids  speed  development 


Much  of  the  start-up,  or  development,  effort 
in  the  design  of  a  microcomputer  system  is  linked 
to  the  coding  phase.  Coding  converts  system  pro¬ 
grams  into  instructions  that  can  be  loaded  direct¬ 
ly  into  the  memory.  However,  the  basic  design- 
aid  tools  themselves  are  programs  that  generally 
require  the  use  of  time-sharing  services  or  other 
computer  facilities.  And  like  the  LSI  processors 
they  support,  design-aid  features  can  differ  from 
vendor  to  vendor. 


Assemblers  are  a  case  in  point.  All  assemblers 
convert  a  program  into  the  basic  machine  lan¬ 
guage  in  a  process  that  usually  involves  several 
steps.  Essentially  the  assembler  reads  a  so-called 
source  tape — with  statements  written  in  the 
mnemonic,  or  symbolic,  assembly  language — and 
produces  a  so-called  object  tape,  with  binary 
numbers  suitable  for  the  processor’s  memory. 
Errors  due  to  misuse  of  the  assembly  language 
can  be  detected  and  pointed  out  by  the  assembler. 

But  some  manufacturers  offer  single-pass  as¬ 
semblers,  thereby  reducing  the  steps  needed  to 
obtain  the  binary  instructions  for  memory.  Or 
they  may  provide  the  option  of  loading  the  assem¬ 
bler  into  ROMs  and  pROMs  so  that  the  micro¬ 
computer  itself,  rather  than  a  host  computer, 
executes  the  program.  These  are  called  hardware 


assemblers. 

Another  type,  called  a  macro-assembler,  sim¬ 
plifies  coding  when  similar  sections  of  code  are 
used  repeatedly,  but  variations  preclude  the  use 
of  conventional  subroutine  techniques.  With  a 
macro-assembler,  a  single  instruction  yields  the 


necessary  expansion. 

Editors,  available  on  time-sharing  services, 
allow  designers  to  prepare  the  original  assembly- 
language  programs  and  to  change  or  correct  them 
with  simple  commands.  They  can  add  documenta¬ 
tion  and  store,  combine  and  retrieve  programs. 
And  they  can  readily  output  programs  onto  paper 
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t»t*  as  well  as  printers. 

'a  number  of  loaders  are  available  to  complete 
.  ‘  c0(ling  process.  With  these,  which  can  be 
'tored  in  ROMs,  assembled  programs  are  loaded 
^t0  ,-ead-only  memory.  They  can  also  be  loaded 
•|lt0  RAMs,  in  which  case  a  bootstrap  type  is  used. 
^  s0.called  relocating  loader  automatically  ad- 
(Hts  program  addresses  and  loads  the  resulting 
instructions.  And  some  loaders  have  linking 
capability  that  lets  you  use  routines  with  un¬ 
defined  labels.  These  types  supply  the  missing 
cross-references  between  separate  routines. 

Several  manufacturers  also  offer  compilers, 
which  allow  programs  to  be  written  in  a  high- 
level  language.  The  benefits  are  many:  A  short 
readable  compiler  statement  corresponds  to  many 
symbolic  assembly-language  statements.  Compil¬ 
ers  eliminate  the  need  to  write  detailed  codes  to 
control  loops,  to  access  complex  data  structures 
or  to  program  formulas  and  functions.  And  since 
programming  details  are  lessened,  errors  are 
reduced. 

But  while  high-level  language  programs  are 
compact,  easy  to  read  and  much  easier  to  write, 
the  net  result  could  be  excessive  storage  space 
and  slower  execution,  when  compared  with  an 
assembly-language  program.  Generally  a  choice 
between  the  two  approaches  depends  on  the  de¬ 
gree  of  optimization  required  and  the  design  time 
allowable. 

In  addition  to  these  design  aids,  test  programs 
—such  as  simulators — are  virtually  mandatory 
to  track  down  the  various  subtle  errors  that  may 
remain.  Similarly  hardware  prototype  units  are 
essential  to  the  development  of  the  final  product. 
Prototype  units  generally  involve  expanded 
memory  capability,  teletypewriter  or  card-reader 
interface,  power  supply,  chassis  and  control  panel 
— in  addition  to  a  microcomputer. 

Besides  boosting  initial  development  costs  for 
the  designer,  the  wide  range  of  hardware, 'soft¬ 
ware  support  requires  a  major  investment  by  the 
semiconductor  manufacturers.  This  investment  is 


in  addition  to  that  needed  to  produce  the  LSI 
chips.  In  fact,  one  indication  of  a  vendor’s 
seriousness  in  marketing  a  particular  microproc¬ 


essor  is  the  availability  of  hardware  software 
support  for  the  product. 

Still,  ever  more  manufacturers  are  entering 
the  field  because  of  the  high  potential  payoff. 
<oious  sources  predict  that  the  microcomputer 
narket  valued  at  under  $50-million  last  year— 


should 
In  the 

could 


reach  at  least  $500-million  in  four  years. 
Process,  a  sizable  chunk  of  the  TTL  market 
vend  .*Je  rePlaoe(I-  Major  microprocessor-chip 
°'''~~such  a-s  Intel,  National  Semiconductor 
chin,  UK-ku'eH  International — are  meeting  the 
ll6nKe  a  variety  of  ways. 


The  Components 


By  any  standard,  the  recognized  leader  in 
microprocessors  is  Intel,  which  introduced  the 
product  in  1971.  Benefiting  from  its  early,  one-to- 
two-year  lead  over  competitors,  Intel  reportedly 
captured  as  much  as  three-quarters  of  last  year’s 
microcomputer  market.  Moreover  each  of  its 
processor  chips  has  been  a  first  of  its  kind,  be¬ 
ginning  with  a  4-bit  unit,  the  4004,  and  leading 
to  an  8-bit  I’MOS  model,  the  8008,  and  the  latest 
advance,  an  8-bit  NMOS  microprocessor — the 
8080. 

Among  the  Intel  products,  the  8080  sets  the 
pace  for  increased  speed  and  improved  instruc¬ 
tions.  The  silicon-gate  processor  has  a  2-p.s  in¬ 
struction  cycle  and  74  basic  instructions,  which 
include  the  48  instructions  of  the  earlier  8008. 
The  additional  30  instructions  and  a  6:1  faster 
execution  rate  provide  up  to  a  10:1  speed  ad¬ 
vantage  over  the  8008.  Moreover  the  improved 
performance  of  the  8080  is  obtained  with  a  typi¬ 
cal  power  dissipation  of  only  600  m\Y,  the  same 
as  that  of  the  8008. 

The  8080  can  address  up  to  65-k  bytes  of 
memory  without  need  for  an  external  address 
register.  This  compares  with  16-k  bytes  of 
memory  and  an  external  register  for  the  8008. 
The  8080  requires  only  six  peripheral  ICs,  as 
contrasted  with  the  20  needed  with  the  8008.  The 
NMOS  8080  comes  in  a  40-pin  package  and  oper¬ 
ates  from  +12  and  ±5-V  supplies. 

A  number  of  architectural  differences  account 
for  the  improved  performance  of  the  8080.  For 
example,  it  contains  a  16-bit  stack  pointer  (to 
operate  the  external  LIFO  stack)  and  a  16-bit 
program  counter  (to  indicate  the  next  instruc¬ 
tion),  instead  of  an  address  storage  stack  with 
eight  14-bit  locations.  A  portion  of  the  external 
memory  can  be  used  as  a  last-in,  first-out  stack, 
addressed  by  the  stack  pointer  upon  the  execu¬ 
tion  of  a  Call,  Return  or  Restart  instruction. 

Moreover  not  only  the  program  counter  but 
also  the  data  register,  the  accumulator  and  the 
flags  (bits  that  are  set  to  indicate  various  condi¬ 
tions)  can  be  saved  in  the  external  push-down 
stack.  As  a  result,  multiple  interrupts  can  be  han¬ 
dled  more  easily  with  the  8080. 

The  8080  can  perform  BCD  and  binary  arith¬ 
metic.  It  also  has  capability  for  double-precision 
arithmetic  involving  two  16-bit  numbers.  The 
NMOS  processor  can  handle  up  to  256  input  ports 
and  a  similar  range  of  outputs. 

Intel  offers  several  hardware  and  software  de¬ 
sign  aids  for  the  development  of  microcomputer 
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systems  with  its  processors.  The  aids  include  the 
Intellec  series,  consisting  of  expandable,  modular 
systems  that  come  complete  with  microprocessor, 
memory,  power  supplies  and  circuitry  for  tele¬ 
typewriter  interface  and  clock  generation.  Each 
Intellec  system  is  housed  in  a  compact  cabinet 
that  features  a  control  and  display  panel  for 
immediate  system  monitoring  and  debugging.  All 
program  storage  can  be  accomplished  with  RAMs, 
rather  than  ROMs,  for  easier  program  loading 
and  modification.  After  a  program  is  firm,  it  can 
be  loaded  into  ROM. 

The  standard  software  package  for  the  Intellec 


Most  manufacturers  offer  design  aids  to  simplify  develop¬ 
ment  of  microcomputer  systems.  Intel's  aids  include 
the  Intellec  series,  which  comes  complete  with  memory, 
supplies  and  clock  and  interface  circuitry. 

series  includes  a  system  monitor,  contained  in 
pROMs,  resident  assembler  and  text  editor.  A 
programming  module  provides  the  timing  and 
level  shifting  to  program  pROMs.  Additional  sup¬ 
port  is  provided  by  a  cross-assembler  and  simu¬ 
lator  written  in  Fortran  IV  and  by  a  PL  M  com¬ 
piler  available  on  time-sharing  terminals. 

The  use  of  PL  M,  derived  from  IBM’s  PL/1 
language,  permits  sample  programs  to  be  writ¬ 
ten  in  a  fraction  of  the  time  needed  to  write  the 
same  program  in  assembly  language.  PL  M  of¬ 
fers  a  far  simpler  means  of  programming,  com¬ 
pared  with  assembly  language.  And  the  debug¬ 
ging  and  checkout  times  of  a  PL  M  program  are 
less,  because  the  structure  of  the  language  allows 
the  compiler  to  detect  error  conditions  that  would 
not  be  spotted  by  an  assembler. 

Recent  additions  to  the  Intel  product  line  in¬ 
clude  several  ICs,  intended  to  simplify  system 


design  and  expansion,  and  an  advanc¬ 


ed 


of  the  company’s  4-bit  microprocessor.  Thl^'0'1 
tional  circuits  include  a  4-k-bit  dynamic  t^U 
(the  8107),  a  2048  x  8-bit  ROM  (the  83ir^ 
512  x  8-bit  pROM  (the  8604),  and  4 
peripheral  circuits.  The  latter  interface  comm 
cations  lines,  handle  increased  loads  and  rfcDj n*' 
IC  packages  now  required. 

Intel’s  new  4-bit  microprocessor,  the  40]4 
features  software  compatibility  with  the  earlitr 
4004.  Additional  instructions  permit  logic  oper 
ations,  such  as  AND  and  OR.  The  4014  a|so" 
allows  storage  capacity  of  8-k  bytes  of  memory 
increased  from  the  4-k  bytes  for  the  4004.  Other 
capabilities  include  improved  single-interrupt 
handling  and  a  single-step  mode  of  operation  to 
simplify  testing  and  debugging. 


IMP  series — chips,  cards  and  ‘boxes’ 

National  Semiconductor  offers  a  broad  line  of 
PMOS  microprocessor  products.  They  consist  of 
4,  8  and  16-bit  parallel  processors  that  are  avail¬ 
able  in  chip  form,  on  card  subsystems  and  in 
complete  microcomputer  boxes.  Each  microproc¬ 
essor  features  downward  software  compatibility- 
— it’s  compatible  with  a  microprocessor  having 
a  shorter  word  length,  but  not  one  with  a  longer 
word  length.  And  the  fixed  instruction  set  of  each 
can  be  altered  or  changed  through  micropro¬ 
gramming  techniques. 

The  National  microprocessors  are  built  around 
two  building-block  chips:  a  Register  and  Arith¬ 
metic  Logic  Unit  (RALU)  and  a  Control  Read- 
Only  Memory  (CROM).  The  RALU  is  a  4-bit 
“slice”;  four  are  used  with  one  or  two  CROMs 
to  obtain  the  16-bit  system,  and  eight  RALls 
with  two  CROMs  can  be  used  to  form  a  32-bit 
system.  The  CROM  provides  storage  for  the 
manufacturer’s  fixed  instruction  set  and  the  con¬ 
trol  logic  for  up  to  eight  RALUs. 

The  IMP-1 6C,  National  Semiconductor’s  16-bit 
microprocessor  system,  comes  on  an  8-1  2  x  U* 
in.  PC  board.  It  consists  of  the  processor,  clock 
system,  I  O  bus  drivers,  256  words  of  RAM  and 
provisions  for  512  words  of  ROM  or  pROM 
memory. 

The  IMP-16C  uses  a  basic  43-instruction  set 
and  an  expanded  17-instruction  set  provided  by  a 
second  CROM.  The  additional  17  speed  process¬ 
ing  with  instructions  that  include  divide,  multi¬ 
ply  and  double-precision  add  and  subtract.  The 
basic  microcycle,  or  machine  cycle,  is  1.4  ps- 
Several  microcycles  are  needed  to  execute  a  typi¬ 
cal  instruction.  Two  16-bit  numbers  can  be  multi¬ 
plied  for  a  32-bit  result  in  a  speedy  150  ps. 

Each  RALU  supplies  the  IMP-16C  with  an 
accumulator  and  a  push-down  stack.  A  total  of 
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accumulators  improve  the  bit  efficiency  of 

•  Auction  words  by  cutting  down  memory-cycle 
‘n!T  xhe  hardware  stack  permits  rapid  nesting 
f  subroutines  and  interrupts,  and  its  limited 
'!  ‘h  can  be  extended— for,  say,  overflow  con- 

njons _ by  use  of  main  memory. 

dlThe  microprocessor  also  features  vectored  as 

1,  as  glower,  single-line  interrupts.  With  a 
"wleJine  interrupt,  the  total  overhead  time  to 
‘set  t0  the  service  routine  can  be  as  high  as  34.85 
since  it  depends  on  the  number  of  peripheral 
devices,  and  these  might  number  16.  But  with  a 
vectored  interrupt,  the  total  overhead  is  only 
4  55  a  fi£ure  that  doesn't  change  with  the 
number’ of  devices. 

Several  software  design  aids  are  offered  with 
each  microprocessor.  Programs  are  available  for 
cross  and  self-assembling,  source  editing,  debug¬ 
ging,  and  absolute  and  relocate  loading.  Also, 
driver  utility  and  diagnostic  aids  are  offered. 
Hardware  design  aids  using  assembly  language 
come  as  complete  microcomputers  and  prototype 
systems.  For  the  16-bit  system,  these  are  the 
1MP-16L  and  16P  boxes.  Both  units  contain  a 
16-bit  microprocessor  card. 

The  IMP-16L  has  a  front-panel  display,  which 
provides  access  to  memory  and  microprocessor 
registers.  The  box  comes  with  4-k,  16-bit  words, 
expandable  to  65-k  words.  Also,  a  high-speed 
asynchronous  bus  permits  direct-memory  access 
by  peripheral  devices  without  the  need  to  go 
through  the  RALUs. 

The  1MP-16P  can  interface  with  a  teletype¬ 
writer  for  application  software  development.  This 
prototyping  tool  comes  complete  with  chassis,  con¬ 
trol  panel,  power  supplies  and  one  or  more  4-k, 
16-bit-word  read  write  memory  modules.  Nation¬ 
al  Semiconductor  says  the  IMP-16P  is  the  box  to 
start  with  to  begin  a  16-bit  design. 

Recent  additions  to  National  Semiconductor’s 
line  are  an  advanced  4-bit  microprocessor  system 
and  a  microprogramming  tool  to  help  designers 
alter  or  change  the  fixed  instruction  set.  The 
4-bit  system  performs  BCD  arithmetic  and  uses 
one  ('ROM,  one  RALU  and  a  Four-bit  Interface 
Loglc  Unit,  called  FILU.  The  interface  unit 
combines  the  functions  of  a  number  of  standard- 
^  Peripheral  circuits. 

^^Programming  tool,  called  Field-Al- 
t?U * e  Control  Element  (FACE),  makes  use  of 
fixed aCt  a  c*lant?e  °f  CROMs  changes  the 
can  lnstruction  set.  FACE,  which  comes  on  a 
board  H^'aces  Che  CROM  on  a  microprocessor 
"’ritah|t0  l0rrn  what  mainframe  designers  call 
logic  ! t  U,ntl0^  sCore-  Microprocessor  control 
0r  RAM  -  *Xcomea  accessible  to  external  ROM 
grarrj  fh  °r  deve*°Pment  of  a  tailored  mieropro- 
fiiasked  CPri  '  result  e*™  be  stored  in  a  custom- 
speed  or  a  bipolar  pROM.  The  increased 

e  bipolar  memory  can  reduce  delays 


incurred  through  connection  of  externa!,  off-the- 
board  circuitry. 


PPS  family  provides  chip  sets 


Aiming  to  reduce  the  number  of  additional 
components  often  needed  with  single-chip  micro¬ 
processors,  the  Microelectronics  Div.  of  Rockwell 
International  offers  chip  sets  for  both  4  and  8- 
bit  systems.  The  sets  come  complete  with  proc¬ 
essor,  clock  circuit,  memory  and  input  output 
ICs.  For  additional  flexibility,  you  can  get  a 
combination  ROM  and  RAM  chip  or  you  can 
select  from  a  growing  number  of  interface  and 
peripheral  circuits. 

Rockwell  estimates  that  up  to  30  peripheral 
circuits  can  be  eliminated  by  use  of  the  PPS-4 
or  PPS-8  chip  sets.  These  are  4  and  8-bit  parallel 
processing  systems,  respectively.  Moreover  some 
of  the  special  circuits  in  the  Rockwell  chip  sets 
are  not  generally  available  with  competing  proc¬ 
essors.  For  example,  a  nonvolatile  RAM  is  being 
developed  for  the  PPS-4  set.  And  a  controller  cir¬ 
cuit,  in  an  advanced  development  stage,  for  the 
PPS-8  will  permit  direct  memory  access.  Rock¬ 
well  is  also  developing  other  circuits  for  use  with 
peripherals  such  as  CRTs,  printers  and  floppy 
discs. 

The  PPS-8  features  over  90  instructions,  with 
capabilities  for  decimal  and  binary  arithmetic 
single-byte  subi'outine  call  and  digit  byte  ma¬ 
nipulation.  A  complete  instruction  cycle  can  be 
executed  in  4  /xs,  and  decimal  addition  or  sub¬ 
traction  is  performed  at  12  jjls  per  digit.  Among 
4-bit  microprocessors,  the  PPS-4  sets  the  pace 
for  speed,  with  an  instruction  cycle  of  5  /ts  and 
a  register-to-register  add  time  of  2.5  /zs.  The  50 
instructions  for  the  PPS-4  contain  logic  and 
conditional  and  unconditional  data-transfer 
operations. 

The  PPS  chip  sets  use  a  relatively  slow  clock, 
typically  200  kHz.  However,  signals  internal  to 
the  system  are  handled  at  four  times  that  rate. 
The  clock  generator  provides  the  processor  with 
two  synchronized  signals,  which  are  then  divided 
logically  into  four  phases,  thus  boosting  the 


*peed. 

Bus  lines  transfer  data  during  the  second  and 
'ourth  time  intervals.  In  the  alternate  intervals, 
iddrcss  and  data-bus  lines  are  automatically 
•leared  to  zero.  This  interface  timing  scheme 
jermits  direct  connection  of  an  extensive  number 
,f  circuits.  For  the  PPS-4,  up  to  30  circuits  can 
,hare  the  bus  without  need  for  additional  buffer- 
ng  or  drive  circuitry. 

4No  the  control  logic  within  the  P^essor  al- 
ows  arithmetic  or  logic  instructions  to  be  earned 
It  in  one  cycle  time.  Addition  of  two  *tm»J  **■ 
ts  requires  six  instructions^  o  two  decimal 

T«nce  for  the  5-us  cycle  of  the  PP* 
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Processor  cards  provide  an  assembled  and  tested  micro¬ 
processor  system,  complete  with  memory.  Clockwise 
from  the  top  left  are  National  Semiconductor’s  16,  Sand 
4-bit  models  (the  IMP-16C/300.  8C/200  and  IMP-4, 
respectively).  National  units  also  feature  a  micropro¬ 
gramming  option  that  can  be  used  to  alter  or  change 
the  fixed  instruction  set. 


digits  can  be  added  or  subtracted  in  30  /xs. 

Software  aids  consist  of  cross-assemblers  and 
simulators  available  on  time-shared  services.  The 
aids  may  also  be  purchased  for  use  on  in-house 
computers.  Hardware  aids  range  from  As- 
semulators  (developed  by  Applied  Computing 
Technology)  to  evaluation  boards,  containing 
microprocessors,  RAMs,  I/O  circuits  and  clocks. 


Micro  Systems 


Aiming  to  shorten  the  usual  development  time 
for  a  microcomputer  design,  some  manufacturers 
are  offering  systems  that  constitute  full-fledged 
microcomputers  and  complete  prototype  units. 
These  vendors  use  chips  supplied  by  Intel,  Na¬ 
tional  Semiconductor  or  Rockwell  International. 

Product  forms  range  from  consoles  with  cir¬ 
cuitry  on  conventional  PC  boards  to  LSI  dice 
mounted  on  a  single  substrate.  Besides  providing 
the  necessary  components  for  a  host  of  applica¬ 
tions,  these  products  also  feature  additional  cir¬ 
cuitry  that  helps  extend  the  capabilities  of  the 
internal  LSI  microprocessor. 

An  early  microcomputer  entry  is  the  Micral 
series  from  R2E  (Realisations  Etudes  Elec- 
troniques,  based  in  France).  Micral  systems, 
built  around  Intel's  8-bit  microprocessors,  come 


in  three  processing  speeds:  12  fis  (basic  modeli. 
6  /is  (Micral  G)  and  2  /ts  (Micral  S). 

Although  Micral  uses  the  8008,  it  has  several 
instructions  beyond  those  available  with  the 
8008.  The  additional  instructions  permit  im¬ 
proved  handling  of  interrupts  and  allow  register 
saves.  Interrupt-driven  I  O  channels  can  be  op¬ 
erated  at  a  maximum  throughput  of  56-Mb\te 
sec.  Also,  the  Micral  G  (and  S)  includes  fi'e 
added  instructions  for  data  manipulation. 

Software  support  includes  a  two-pass  as¬ 
sembler,  keyboard  editor  and  diagnostics  ur 
peripherals  and  I  O  interfaces  supplied  with  t  .r 
microcomputer.  In  addition  R2E  offers  a  hig 
level  control  language  to  simplify  prototype  e 
velopment.  *  k 

Micral  units  have  a  memory  capacity  of 
bytes,  and  this  can  be  increased  to  64  k.  The  ' 
rect  addressing  capacity  of  peripherals  is  a  he  > 
1792  bytes  at  the  input  and  23  at  the  output 
Up  to  seven  I  0  channels  can  be  operated. 

Applied  Computing  Technology  provides 
series  of  Assemulators — short  for  assemblers 
simulators — for  the  Intel  and  Rockwell  1 
processors.  Assemulators,  which  can  inter  ace 
directly  with  a  teletypewriter,  reduce  the  1  e 
velopment  phase  of  microcomputer  designs. 

In  a  typical  development  phase,  a  designer 
specifies  and  interconnects  the  I  O  circui  r>. 
which  is  then  interfaced  to  the  Assemulator.  ro- 
grams  are  written  and  assembled  in  the 
simulator,  which  holds  the  utility  system  in  R  - 
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olete  microcomputers  extend  the  capabilities  of  the 

km-  microprocessor  used.  R2E's  Micral  system,  for  ex- 
WS  ie  provides  additional  instructions  for  interrupt 
handling  and  data  nianipulation.  R2E  uses  Intel  chips. 


and  the  assembled  program  in  a  special  emula¬ 
tion  ROM.  As  a  result,  testing  of  programs  in¬ 
volves  simple  manipulation  of  Assemulator  con¬ 
sole  switches  or  the  teletypewriter,  so  that 
program  debugging  can  be  reduced  to  a  fraction 
of  that  normally  required.  And  because  the  unit 
contains  a  resident  assembler,  costly  time-sharing 
changes  can  be  eliminated. 

Both  the  CBC-4,  the  Assemulator  for  the  Intel 
chip,  and  the  PPS-4MP,  which  is  used  for  Rock¬ 
well’s  model,  are  similar.  However,  the  CBC-4 
features  a  single-pass  assembler  for  simplified 
assembly.  For  both  units,  the  corrected  program 
can  be  recorded  in  pROMs,  which  are  then  in¬ 
serted  into  the  microcomputer  to  complete  the 
design. 

Pro-Log  features  the  PLS-400  family  of  micro¬ 
computers  on  4-1  2  x  6-1  2-in.  PC  cards.  Built 
around  Intel’s  4-bit  processor,  the  4004,  the  PLS- 
400  also  contains  Intel’s  4002  RAMs  and  1702A 
erasable  pROMS.  A  minimum  system  consists  of 
a  single  card  with  1024  bytes  of  memory  and  32 
TTL  I  0  lines.  For  expanded  capability,  a  three- 
card  system  contains  4096  bytes  of  memory  and 
128  TTL  I  0  lines. 


Also  available  from  Pro-Log  is  the  MPS-800 
amily  8-bit  microcomputers  for  data  proc- 
^ing.  The  family  consists  of  three-card  and 
'e-card  systems.  Both  units  come  with  256 
insir'  ^  P^OM  and  1024  words  of  RAM  data/ 
naVjUjlion  mem°ry.  The  memory  can  be  ex- 

P,0  ,0  '.6-k  "'ord8' 

P**ter  <  °mPUter  Systems  offers  a  microcom- 
Calleci  around  Intel’s  8080  microprocessor, 
aims  fo  e  Series  2000  Micro  CPU,  the  system 
.nonij8^  'Hdustrial  applications  as  torque 
P|Ug.  !l‘kr  a,1(i  control  and  also  engine  testing, 
trol  a  ' n  modules  allow  the  Series  2000  to  con¬ 
clude  a  i^l.y  of  Processes.  The  I  O  modules  in- 
intfc>-face"  '‘1  a  d  c°nverter,  16-bit  digital  input 
Uaits  modl,ies  ^or  relay  outputs.  These 

aild  micro0111  nicate  with  the  system’s  memory 
Processor  through  a  common  back¬ 


plane  data  bus.  Moreover  the  microprocessor  sees 
all  I  O  devices  as  memory  locations,  precluding 
the  need  for  special— and  possibly  less  efficient— 
I  O  instructions. 

Process  Computer  Systems  also  offers  plug-in 
breadboard  cards,  wffiich  allow’  the  development 
of  special  analog  and  digital  I/O  modules.  In 
addition  assembler,  compiler,  debugging  and 
other  programs  are  available. 

Teledyne  Systems  takes  a  unique  packaging  ap¬ 
proach  for  its  microcomputers.  Rather  than 
mount  DIPs  on  PC  boards,  it  mounts  IC  dice 
on  ceramic  substrates.  The  hybrid  approach  re¬ 
sults  in  reduced  size  and  improved  reliability  at 
prices  that  are  comparable  with  PC-board  equiva¬ 
lents.  A  single  package  measures  only  2  x  2  x 
0.2-in. 

Teledyne’s  microcomputers  are  the  TDY-52A, 
wffiich  uses  Intel’s  4004  microprocessor,  and  the 
TDY-52B,  wffiich  uses  National  Semiconductor’s 
dice  to  form  a  16-bit  unit.  Instructions  for  the 
TDY-52A  can  be  tailored  to  an  application  by 
alteration  of  the  control  microprogram  in  ROMs 
mounted  on  the  substrate. 

The  TDY-52A  requires  external  power  sup¬ 
plies  and  some  I/O  circuitry,  as  does  the  16-bit 
unit.  In  addition  the  TDY-52B  requires  an  ex¬ 
ternal  clock  (5.7  MHz  square  wave)  and  memory 
(ROM,  RAM  or  combinations  of  both).  Memory 
configurations  are  available  in  hybrid  packages 
identical  to  those  of  the  microcomputers. 


New  LSI  Processors 


At  various  stages  of  introduction— from  chip 
svelopment  to  some  product  delber^  aie  a 
Multitude  of  LSI  processors,  all  of  which  are 
cpected  to  be  available  in  quantity  by  about  the 
liddle  of  next  year.  The  great  majority  use 
MOS  technology,  handle  8-bit  word  lengths  and 
ave  a  basic  cycle  of  about  2  jus,  as  does  Intel  s 
)80  And  most  of  these  are  being  offered  with 
>ecial  peripheral  circuits  and  memories  to  mim- 
iize  the  circuitry  otherwise  needed. 

In  addition  to  these  circuits,  manufacturers 
re  developing  12-bit  processors  that  employ 
MOS  technology  and  emulate  popular  minis, 
nd  bipolar/LSI  processors.  f«‘urlI»  h  k  ' 

microcomputers  and  convent, o»> 
"Five  ICs  comprise  the  basic  mew™ 

'he’MPu'lUts"' 72  inductions  and  seven  ad- 
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irking  naodes,  with  one  mode  reserved  tor  two 
S-bit  accumulators  on  the  chip.  It  also  uses  16-bit 
rr.emory  addressing,  allowing  memory  size  up 
to  6o-k  addresses. 

The  MPU  shares  data  and  address  buses  with 
specia!  byte-organized  memories — 1 024  x  8-bit 
ROMs  and  static  128  x  8-bit  R  A  Ms— and  two 
programmable  I  0  circuits,  the  Peripheral  In¬ 
terface  Adapter  (PIA)  and  the  Asynchronous 
Communications  Interface  Adapter  (AC  IA).  I  he 
special  I  O  circuits  permit  reduced  interface  cir¬ 
cuitry. 

All  five  silicon-gate  NMOS  chips  operate  from 
3  single  5-Y  supply.  A  total  of  10  circuits  of  the 
M6S00  family  can  be  interconnected  on  the  bus 
without  reduction  of  the  maximum  clock  rate  of 
1  MHz.  which  must  be  supplied  by  an  external 
dock. 

The  interface  circuits  look  like  memory  loca¬ 
tions  to  the  MPU.  Hence  the  MPU  can  use  the 
same  instructions  for,  say,  peripherals,  connected 
to  the  PIA  that  it  uses  with  RAM ;  special  I  0 
instructions  are  not  needed.  The  PIA  controls 
and  transfers  data  and  status  information  to  and 
from  peripheral  devices  or,  possibly,  other  micro¬ 
processors. 

Much  of  the  control  logic  for  peripherals  can 
be  handled  by  the  PIA.  In  an  application  de¬ 
scribed  by  Motorola,  for  example,  a  PIA  replaces 
the  16  to  20  standard  MSI  logic  circuits  usually 
required  to  control  popular  OEM  printers.  The 
complete  interface  consists  of  the  PIA,  peripheral 
drivers  and  comparators.  The  latter  provide 
TTL-compatible  logic  levels  in  the  face  of  in¬ 
ductive  surges  from  the  printer. 

Similarly  the  ACIA  performs  all  the  functions 
of  a  standard  universal  asynchronous  receiver/ 
transmitter.  It  relieves  the  MPU  of  many  of  the 
timing  and  control  functions  of  asynchronous  data 
communications.  And  it  can  interface  directly 
with  standard  modems,  including  a  special 
modem  IC  planned  for  the  M6800  family. 

The  MPU  features  decimal  and  binary  arith¬ 
metic  capabilities,  variable-length  instructions 
and  double-byte  operations.  Addressing  modes 
include  extended,  indexed,  implied  and  relative, 
as  well  as  immediate  and  direct.  The  minimum 
execution  time,  as  for  the  Add  instruction,  is  2 
ns.  The  maximum  time  reaches  12  jus  in  the 
case  of  a  Software  Interrupt  instruction. 

A  special  feature  of  Electronic  Arrays’  8-bit 
NMOS  parallel  processor  is  string  or  series  capa¬ 
bility.  Up  to  16  bytes  of  data  can  be  entered  from 
memory  or  from  an  I  0  device,  and  stored  in 
the  chip’s  multiregister  accumulator  for  proc¬ 
essing.  And  the  16-bvte  data  transfer  can  be  ac¬ 
complished  with  a  single  instruction. 

Moreover  the  chip  contains  a  24-byte  RAM, 
called  the  Program-Address  Storage  (PAS).  It 
can  be  used  as  a  push-down  stack,  for  interrupt 


Microcomputers  on  PC  boards  are  offered  by  Pro-Log 

Models  available  include  a  4- bit  system  for  dedicatee 
controller  applications  and  an  8-bit  model  for  data  pr0c 
essing.  Both  systems  use  Intel  chips. 


Prototype  systems  help  cut  development  time.  App>« 

Computing  Technology  calls  its  systems  Assemulators,  o' 
combination  assemblers/simulators.  The  vendor  supp>  • 
prototype  units  for  microprocessors  offered  by  Intel  a 
Rockwell  International. 


vectors,  for  program-call  storage,  or  tor  a  i‘orn 
hi nation  of  these  functions.  For  expanded  capa¬ 
bility,  the  PAS  can  be  extended  into  external 
RAM. 

The  8-bit  processor  has  about  66  instruction 

and  addresses  up  to  65-k  bytes  ot  memory.  T  « 
four  addressing  modes  are  direct,  immediate 
indexed  and  extended.  Memory  can  be  ROMs  0* 
RAM-  of  various  speeds  in  any  combination. 

Other  circuits  planned  by  Electronic  Array- 
for  the  microprocessor  consist  of  the  following 
a  1024  x  8-bit  ROM.  256  x  4-bit  RAM  and  ar 
I  0  controller.  The  I  O  chip  is  intended  to  W 
a  general-purpose,  programmable  logic  desigt 
for  any  interface. 

Fairchild  Semiconductor  plans  to  offer  the  r 
chip  set.  consisting  of  an  8-bit  NMOS  Isoplanaf 
microprocessor,  a  memory  interface  chip,  an  8- 
bit  ROM  and  a  custom  RAM.  The  system  feature? 
a  basic  cycle  of  2  jus  and  has  internal  clock  ana 
interface  circuitry.  Direct-drive  capability  exist- 
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( „•  standard  peripherals,  such  as  teletypewriters 

^Fairchild  estimates  that  improvements  in  the 
j  family  can  reduce  the  amount  of  peripheral 
V  ito  by  10  to  30%,  compared  with  other  8-bit 
VMOS  processors.  Also,  preliminary  benchmark 
'  -oirrams  indicate  speed  improvements  by  a 
factor  of  1-1/2  to  3. 

Software  support  includes  a  compiler  to  nc- 
pt  the  PL  M  language  and  a  special  conversa¬ 
tional  utility  system  that  requires  an  interface 
module.  The  system  allows  a  program  to  proceed 
jn  slow  motion,  so  designers  can  debug  a  pro¬ 
gram  with  paper  tape  or  cassette.  The  utility 
system  avoids  the  need  to  modify  the  contents 
of  a  pROM  each  time  a  correction  is  required. 

An  earlier  microprocessor  from  Fairchild  is 
the  PPS-25  system,  a  4-bit  chip  set.  Intended  for 
scientific  calculators  and  control  systems,  the 
PPS-25  uses  standard  ICs  for  interfacing  of 
keyboards  and  displays.  The  PPS-25  specs  an 
add  time  of  125  (is  for  two  groups  of  16  digits. 


The  PIP:  8  addressing  modes 

Signetics’  upcoming  Programmable  Integrated 
Processor  (PIP)  allows  the  use  of  eight  ad¬ 
dressing  modes,  for  increased  flexibility  and  ef¬ 
ficiency  in  programming.  Operand  addresses  for 
instructions  can  be  defined  in  these  modes : 
register,  immediate,  relative,  absolute,  indirect 
and  indexed.  Branch  addresses  may  be  formed 
through  the  use  of  a  relative  or  absolute  mode, 
and  each  may  be  direct  or  indirect. 

The  PIP  responds  to  over  64  instructions,  the 
most  complex  of  which  are  executed  in  less  than 
10  gs.  Instructions  feature  variable  lengths  for 
improved  bit  efficiency;  they  may  be  1,  2  or  3 
bytes  long.  Also  each  of  the  chip’s  four  general- 
purpose  registers  may  be  used  as  an  accumulator. 
Hence  processing  bottlenecks  that  result  from 
a'  *ng  only  a  single  accumulator  are  eliminated. 
The  Signetics’  chip  operates  from  a  single  5-V 
supply.  Its  input  clock  frequency  is  variable  down 
Th  C  externally  the  PIP  resembles  a  static  IC. 

e  Processor’s  address  lines  allow  direct  ad- 
pjpf  ng  *0r  UP  to  32-k  bytes  of  memory.  And 
rect  ^  ',ectored-interrupt  capability  allows  indi- 
^  ^uching  to  any  location  in  memory. 

Pjp  u  *  range  of  design  aids  is  planned  for  the 
Fortran  CyU^*ng  a  cross~assembler  written  in 
advant'L  i  rat*ler  than  the  more  common  but 
la*iguage  °rtran  IV.  The  use  of  the  more  basic 
run  0n  ^  permits  the  assembler  program  to  be 
trainee  f  U*^e  range  of  computers,  from  main- 

®°urcing  ,,.l'XamPle  of  microprocessor  alternate 
8008  \uCr08yftems  International  Ltd.  offers 
^  Intel.'  ^it  PMOS  processor  introduced 
provides  the  microprocessor,  as 


well  as  the  various  components  needed  t«.  mnk«- 
an  Kbit  microcomputer,  on  seven  basic  boards 
bach  board  measures  4-1  2  •  8-1  n.  and  us.-s  a 
standard  dual  22-way  edge  connector. 

On  the  MOD8-1  board,  for  example,  are  the 
microprocessor,  clock  generators  and  atnte-d* 
coding  and  bus-switching  control  logic.  An  1  () 
board,  the  MOI)8-2,  contains  teletypewriter  inter 
tace  and  reader-control  and  system- restart  logic. 
Other  boards  provide  ROM,' RAM,  buffer  and 
I/O  circuitry. 

MIL’s  design  aids  include  the  Monitor-8  soft 
ware  package,  which  allows  interactive  de¬ 
bugging  of  designers’  programs  entered  in  as¬ 
sembly  language  from  a  teletypewriter.  In 


Microcomputers  aim  for  industrial  applications  such  as 
engine  testing  and  torque  control.  Process  Computer 
System’s  Series  2000  Micro  CPU  features  a  common 
backplane  data  bus  on  which  interface  modules  com¬ 
municate  with  the  microprocessor  and  memory. 


addition  the  company  offers  a  similar  applica¬ 
tions  package  for  a  series  of  boards  that  will  use 
a  proprietary  4-bit  microprocessor  expected 
shortly.  The  4-bit  system  is  called  the  MOD4 
series. 

Proving  that  PMOS  is  still  around  for  8-bit 
units,  Mostek  is  sampling  an  8-bit  p-ehannel, 
parallel  processor  called  the  MK5065.  Compared 
with  first-generation  units,  the  MK5065  expands 
the  number  of  instructions  and  slashes  the  num¬ 
ber  of  peripheral  circuits.  Also,  the  chip  s  archi¬ 
tecture  is  three-leveled  for  rapid  handling  of  in¬ 
terrupts.  One  or  two  of  the  chip’s  three  program 
counters  and  three  accumulators,  for  example,  can 
be  reserved  for  immediate  servicing  of  interrupts. 


ipolar  processors  emerge 

The  first  general-purpose  bipolar .*;SI 
rocessor  has  just  been  announced  b>  kayth 
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Semiconductor.  A  seven-chip  processor  calied  the 
RP16,  the  16-bit  unit  surpasses  MOb  micro¬ 
processors  in  speed  through  the  use  of  bipolar 
technology,  increased  addressing  modes  and  an 
improved  instruction  set.  Two  versions  of  the 
RP16  are  slated.  Model  A  emphasizes  arithmetic 
capabilities,  while  Model  B  stresses  byte  handling. 

While  most  microprocessor  chips  are  intended 


for  random-logic  designers,  a  Schottky-TTL 
processor  from  Monolithic  Memories  is  aimed  at 
the  computer  architect.  The  special-purpose 
microprocessor,  dubbed  the  Model  6701  micro¬ 
controller,  can  be  used  to  emulate  conventional 
computers  and  replace  scores  of  packages  at  re¬ 
duced  power.  A  single  6701  can  perform  the 
function  of  25  TTL  MSI  packages  while  saving 
about  6  W. 

The  6701  consists  of  four  4-bit  controllers  and 
associated  ROMs  and  shift  registers.  None  of 
the  ROMs  is  used  to  decode  the  processor’s  36 
instructions,  which  are  at  the  fundamental  level 
of  arithmetic  logic  units.  As  a  result,  micropro¬ 
gramming  techniques  can  be  employed  to  apply 
the  IC. 

A  single  cycle  takes  about  200  ns.  But  within 
this  period  the  6701  can  execute  such  functions 
as  subtract,  shift  and  store.  The  bipolar  speeds 
assure  a  precise  emulation  of  conventional  ma¬ 
chines,  which  use  standard-bipolar  circuits.  More¬ 
over  the  6701  can  be  expanded  in  increments  of 
4  bits,  so  that  other  than  16-bit  systems  can 
be  designed  without  significant  reductions  in 
speed.  Other  applications  foreseen  for  the  6701 
include  high-speed  peripheral  controllers  and 
point-of-sale  systems. 


12-bit  models  fill  a  gap 

Although  much  of  the  current  microprocessor 
activity  involves  8  and  16-bit  units,  two  manu¬ 
facturers — Intersil  and  Toshiba — are  filling  the 
gap  with  12-bit  models.  The  Intersil  processor 
is  designed  to  be  a  CMOS  LSI  equivalent  of 
Digital  Equipment  C-orp.’s  popular  PDP-8  mini¬ 
computer.  The  Toshiba  processor  (the  TLCS-12) 
is  a  proprietary  PMOS  design,  with  such  com¬ 
ponent-saving  features  as  a  timing  generator  on 
the  chip. 

Preliminary  data  for  the  Toshiba  chip  indi¬ 
cate  add  and  subtract  times  of  about  10  fis. 
And  multiply  and  divide  functions  reportedly 
can  be  executed  in  30  to  60  fia.  The  chip  operates 
from  ±5-V  supplies  and  dissipates  0.8  W. 

Intersil’s  CMOS  microprocessor  benefits  from 
the  sizable  software  support  that  exists  for  the 
PDP-8.  And  the  many  designers  familiar  with 
the  mini  should  be  able  to  transfer  that  ex¬ 
perience  to  the  CMOS  processor.  However  the 
unit's  repertoire  of  eight  basic  memory-reference 


instructions  tends  to  limit  the  range  of 
tions. 

Still  a  multitude  of  applications  uses  the  P 
8.  Noting  this  fact  Intersil  plans  to  develop  • 
set  of  circuitry  and  memory,  all  using  (ijjj 
to  operate  with  the  processor.  Conceivably  , 
end  result  could  be  a  pocket-sized,  portaiS* 
PDP-8. 


RCA,  the  leading  CMOS  manufacturer,  aj 
has  a  CMOS  microprocessor.  Called  COSMAC  . 
is  an  8-bit,  two-chip  set  that  emphasizes  |0* 
power  dissipation  and  I/O  interface  capability 
in  a  proprietary  design.  Each  chip  dissipate 
only  100  jj.W.  And  the  I/O  can  be  controlled 


A  complete  mini,  except  for  power  supply,  comes  on  this 
PC  board.  Computer  Automation's  Naked  Mini / LSI- 1 
uses  four  custom  LSI  chips,  each  a  4-bit  slice,  and  pro¬ 
grammable  logic  arrays — rather  than  ROMs — to  form 
the  mini's  central  processing  unit. 


with  up  to  16  commands  and  a  total  of  23  lines, 
including  a  bidirectional  data  bus. 

COSMAC  is  built  around  a  16  x  16-bit  scratch¬ 
pad  register,  from  which  references  to  memory 
are  made.  The  microprocessor  can  address  up  to 
65-k  bytes  of  memory,  and  it  uses  a  simple  two- 
step  fetch-and-execute  sequence. 

The  processor  cycle,  consisting  of  eight  clock 
pulses,  ranges  from  3  to  10  jj. a.  With  the  faster 
speed,  and  using  a  RAM  with  a  l-|us  cycle,  a 
6-ms  fetch-and-execute  time  can  be  obtained  for 
any  instruction.  Response  to  interrupts,  allowed 
only  after  complete  instruction  cycles,  ranges 
from  3  to  9  ps. 

In  the  wings,  RCA  has  a  single-chip  COSMAC 
In  addition  the  company  is  developing  silicon-on- 
sapphire  processors,  with  multichip  units  for 
military  applications  initially  scheduled. 
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Micro-based  Minis 


,ot  to  be  undone  by  the  emergence  of  corn¬ 
et  manufacturers  into  the  microcomputer 
**  minicomputer  makers  have  also  embraced 
fsT  microprocessors.  Generally  using  custom 
MOS  chips,  they  offer  models  aimed  at  high- 
volume  applications — as  are  microcomputers — 
with  large-quantity  unit  prices  hovering  about 
the  $500  level.  This  undercuts  the  price  of  many 
micros. 

Micro-based  minis  are  promoted  as  low-end 


Custom  silicon-on-sapphire  LSI  processors  are  the  basis 
for  General  Automation’s  LSI  12/16,  an  8-bit  system, 
he  mini  maker  also  uses  SOS  chips  for  a  16-bit  system, 
e  LSI  16,  that  is  a  functional  equivalent  of  the  com¬ 
pany  s  SPC-16  mini. 

I  complementing  an  established  line.  The 

//  units  benefit  from  the  impressive  software 
|  ”*PPort--including  extensive  application  pro- 
ovem'IraVailable  the  rest  of  the  line.  More- 
softw  he  Un'tS  °^er  traditional  mini  hardware/ 
Ver  a!e  Matures,  which  results  in  unique  and 
*  papa-bility.  At  present  Computer  Auto- 
c°WGeneral  Automation  and  DEC  are  in- 
*  model/  2*  m*cr°Proce8sors  into  their  newer 
1  that  ilo,  0Wever,  most  industry  observers  expect 
Com 1  10  mw- 

ba&eq  Automation  calls  its  microprocessor- 
i  an  allus i(!n,Comput«r  the  Naked  Mini/LSI-1— 
ex  /  to  t^le  ^ct  that  the  mini  comes  com- 

|  hoard P  Th  r  P°Wer  suPP1y*  on  a  15  x  17-in. 

e  LSI-1  uses  space-saving  MOS 


programmable  logic  arrays,  rather  than  ROMs, 
to  contain  the  unit’s  control  logic.  Four  more 
MOS  LSI  chips,  each  a  4-bit  slice,  make  up  the 
rest  of  the  central  processing  unit  for  the  16- 
bit  machine. 

Standard  features  include  direct-memory  ad¬ 
dressing  and  four  other  I/O  systems.  The  unit 
also  has  hardware  multiply  and  divide,  multi¬ 
level  indirect  addressing,  and  up  to  256  vectored 
priority  interrupts.  Memory  can  range  from  1-k 
to  262-k  16-bit  words,  and  may  consist  of  core 
or  semiconductor  types  in  any  combination.  The 
basic  processor  cycle  time  is  1.6  /as;  an  add- 
memory-to-register  operation,  involving  16  bits, 
takes  9.2  jus. 

A  special  feature  of  the  machine’s  architecture 
is  its  ability  to  organize  memory  automatically. 
If  memory  modules  of  different  size  and  type 
are  mixed  or  rearranged  on  the  bus,  the  computer 
assigns  addresses  without  any  reference  to  soft¬ 
ware. 

The  processor  board  contains  slots  for  optional 
hardware  functions.  These  include  power-fail 
restart,  teletypewriter  CRT  interface  and  real¬ 
time  clock.  In  addition  various  plug-in  options 
are  available  for  additional  buffers,  drivers,  in¬ 
terfaces  and  expanded  memory. 

Moreover  the  LSI-1  has  an  impressive  168 
basic  instructions.  And  most  of  these  require 
only  one  memory  location  in  contrast  with  the 
two  or  more  locations  usually  needed  in  other 
minis. 

The  instruction  set  contains  29  memory-ref¬ 
erence  instructions — which  simplify  operations 
involving  many  pieces  of  data  stored  in  memory. 
And  conditional  jumps  can  be  performed  with  63 
instructions,  each  of  which  causes  both  the  test 
and  the  jump.  Other  features  of  the  instruction 
set  include  memory  scan,  three-way  compare, 
word  and  byte  addressing  and  full  shift  capa¬ 
bility. 

Among  the  various  design  aids  available,  Com¬ 
puter  Automation  offers  several  advanced  soft¬ 
ware  packages.  These  include  Advanced  BASIC, 
which  can  run  with  only  4  k  of  memory,  Ex¬ 
tended  BASIC,  using  8  k  of  memory,  and  FOR¬ 
TRAN.  Standard  packages  include  assemblers, 
loaders  and  debug  and  utility  programs. 


i  turns  to  SOS 

,SI  processors  employing  silicon-on-sapphire 
miques  are  used  by  General  Automation  in  an 
t  microcomputer— the  LSI-12  l6—*n 
anded  16-bit  model— the  LSI  lb.  The  -OS 
38,  developed  for  General  Automation  b> 
kwell  International,  permit  °Perat  . 
eds  comparable  with  more  conventional  minis 

t  use  bipolar  circuits. 

’he  8-bit  unit,  featuring  1  to  32-k  *or 
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semiconductor  memory  and  nn  instruction  oxeeu- 
lion  cycle  of  2.6 1  ft s.  comes  with  a  low  price  » 
of  $496  in  1000  unit  quantities.  II  can  l*c  ob¬ 
tained  on  a  7.8  4  x  10-in.  IV  board  and  in  an 
enclosed  system  that  contains  power  supply,  hat- 
hay  backup  for  volatile  memory  and  card  slots 
for  additional  1  O  boards. 

|-'or  designers  who  want  to  retrofit  new  in¬ 
structions  in  a  ROM.  the  8-bit  LSI-12  16  pro¬ 
vides  n  ROM  "patch”  system  in  addition  to  main 
memory.  The  patch  elminat.es  the  need  to  change 
ROMs  when  similar,  but  not  identical,  ROM  pro¬ 
grams  are  required.  In  addition  the  architecture 
of  the  LSI  12  16  has  a  shared-byte  feature,  al¬ 
lowing  a  two-byte  instruction  to  be  stored  in  a 
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A  building-block  approach  to  microcomputer  designs  ts 

offered  by  Digital  Equipment  Corp.  The  modules,  using 
Intel's  8008  PMOS  processor,  contain  the  peripheral 
circuitry  usually  needed  to  operate  the  microprocessor. 

single-byte  of  memory.  General  Automation  esti¬ 
mates  that  this  architectural  feature  could  reduce 
the  amount  of  program  memory  otherwise  re¬ 
quired  by  about  a  third. 

The  LSI-12  16  uses  12-bit  parallel  addressing, 
which  permits  direct  addressing  of  4-k  words 
of  memory  without  paging  techniques.  It  also 
provides  eight  12-bit  hardware  registers.  62  basic 
commands,  a  processor-controlled  priority-inter¬ 
rupt  system  and  a  teletypewriter  interface. 
Standard  control  features  include  a  relative  time 
clock,  external  priority  interrupt.  16-bit  parallel 
I  ()  bus,  integral  console  and  a  ROM-baaed  con¬ 
sole  program.  Several  fail-safe  features  also  pro- 
t«vt  against  f  tower  transients  and  interruptions, 
component  failures  and  program  errors. 

Software  development  ean  he  minimized 


through  the  use  of  a  complete  cross 
generation  system  on  the  company's^’ 5^' 
minicomputer.  The  disc-based  system  n 
assembly,  editing  and  debugging.  Other 
fered  include  a  device-independent,  real  * 
executive  program  and  a  conversational  ass*^ 
system. 

While  the  LSI-12  16  microcomputer  can 
place  the  company’s  somewhat  slower  SP(> 
minicomputer.  General  Automation’s  16-bit  ut- 
is  billed  as  the  functional  equivalent  of  the  eo* 
puny’s  slightly  faster  SPC-16  mini.  Furthering 
the  LSI-16  and  expanded  memory  offers  on  t*( 
small  boards  the  performance  of  the  SPC-16  o> 
six  larger  boards.  The  basic  LSI-16  unit  com* 
on  a  7-3  4  x  11-in.  PC  board,  containing  i-i 
words  of  memory  and  an  SOS  microprocessor 
chip  set.  The  two  chips  consist  of  an  arithmen. 
logic  unit  and  a  control  read-only  memory,  whid 
stores  the  control  logic  for  the  ALU. 

A  second  “micromemory”  board  of  the  same 
size  provides  a  32-k-word  x  18-bit  (16  bits  pi  im¬ 
parity )  memory  system.  The  high  density  - 
achieved  through  the  use  of  hybrid  packaging 
General  Automation  mounts  eight  1103A  ( 1-k  t>:: 
RAM)  memory  chips  onto  a  common  ceramic 
substrate  and  plugs  the  substrates  into  vertical 
connectors  on  the  board.  A  conventional  ap¬ 
proach,  involving  individual  DIPs,  would  ha'* 
resulted  in  a  maximum  board  density  of  16-k  bit? 
In  addition  it  will  be  possible  to  obtain  a  12W 
micromemory  by  replacement  of  the  1-k  bit  chip* 
with  4-k  bit  RAMs,  when  they  later  become 
widely  available. 

Together  with  the  micromemory  board.  t» 
LSI-16  offers  an  average  cycle  time  of  1.8  ^ 
Standard  features  of  the  LSI-16  board  inc*u  * 
power-fail  restart  capability,  real-time  ch*  - 
operation-monitor  alarm,  cold-start  capability  aNj 
an  asynchronous  memory  interface.  An  addition*- 
PC  board  for  options  can  be  obtained  with  para> 
ami  hardware  memory  protection,  teletypewriter 
controller,  operator’s  console  and  a  pigg>L<u 
read-only  memory  board  that  can  accommoda'( 
up  to  4-k  16-bit  words  of  memory. 


MPS  modules  ease  interfacing 

A  microprocessor  module  set  is  the  initia 
entry  into  the  microcomputer  field  by  Digits 
Equipment  Corp.  The  mini  maker  expects  the 
modules,  which  use  Intel’s  8-bit  PMOS  processor, 
to  Ik*  used  us  building  blocks  for  dedicated  con¬ 
trollers.  Called  MPS,  the  series  can  perform 
decision-making  functions,  add  intelligence  to 
data  terminals  and  replace  hard-wired  logic  sys¬ 
tems.  Moreover  the  units  come  complete  with 
much  of  the  peripheral  circuitry  usually  needed 
to  operate  the  microprocessor;  hence  interface 
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i  rvic  arc  reduced. 

Probe  modules  constitute  the  series.  The  CPU 
FlV.e  tains  the  processor  and  complete  in- 
modolc  l  and  control  circuitry.  Other 

gtruction  lk  to  4.^  WOrds  of  read /write 

modules  ggg  to  4-k  words  of  programmable 
me^°nlv  memory.  A  detection  module  can  be 
re!!no  obtain  priority  interrupts,  while  a  mon¬ 
ger  control-panel  unit  can  serve  as  a  diagnostic 

^Software  aids  needed  to  program  the  MPS 
in  paper-tape  format.  The  aids,  offered  in 
C°  special  kit,  consist  of  editors,  assemblers, 
LROM  programmer,  debug  software,  duplicator 
and  loader.  Programs  are  prepared  in  conjunc¬ 
tion  with  a  PDP-8  with  4-k  words  of  memory. 


TTL/MSI  processors  are  offered,  too 

Still  other  microprocessor  products  use  me¬ 
dium-scale-integration  (MSI)  standard-TTL  cir¬ 
cuits.  These  TTL/MSI  processors,  like  their  LSI 
cousins,  can  be  programmed  for  a  host  of  high- 
volume  applications. 

Complete  TTL/MSI  processors  come  on  PC 
boards  or  in  compact  modules,  and  they  sell  for 
about  $1000  in  single-unit  quantities.  They 
operate  at  faster  speeds  than  their  MOS  counter¬ 
parts,  and  they  are  offered  by  established  ven¬ 
dors  in  the  minicomputer  business. 

For  example,  12-bit  TTL/MSI  units  have  been 
introduced  by  DEC,  Fabri-Tek  and  Microdata 
The  DEC  model,  called  the  PDP-8/A  Miniproc¬ 
essor,  is  a  two-module,  MSI  version  of  the  com¬ 
pany’s  widely  used  PDP-8  mini. 

labri-Tek’s  MP12  processor  includes  4-k  words 
°f  core  memory  in  a  2  x  15  x  9.5-in.  module, 
and  it  requires  only  one  5-V,  40-W  supply.  And 
icrodata’s  Micro-One  unit,  on  a  single  8-1/2  x 
■>n.  board,  can  be  microprogrammed  to  emulate 
general  or  special-purpose  computers, 
wid  i&  ^  ^/MSI  processors  use  circuits  that  are 
'  ey  a*ternate-sourced,  in  contrast  with  LSI 
d  i  ’  which  are  virtually  sole-sourced.  But  that 
fnotuh  .  change  dramatically  in  the  next  12 
Devic 8'  ^evera,l  Manufacturers — Advanced  Micro 
verged  -°r  examPle — are  reportedly  on  the 
leacj  in  to"ow*n£  Microsystems  International’s 
or  poLh|ternate'sourcing'  Intel’s  8008  processor, 
at  more  y  producin8  Intel’s  8080  chip.  Aiming 
has  PlanJefCent  mode^s*  American  Microsystems 
bfocessor  a,ternate-source  Motorola’s  micro- 
^ry  Pro/  '^3  ^ furthermore  a  number  of  pri- 
s°urces  forSl0r-Chip  suPPl*ers  are  seeking  other 
e‘r  proprietary  circuits. 


Hybrid  packaging  yields  a  32-k  x  18-bit  ‘micromemory, 
on  a  single  board.  General  Automation  offers  the  unit  for 
use  with  the  company’s  LSI-16  system. 


Also  expected  are  more  bipolar/LSI  micro- 
rocessors.  For  example,  Texas  Instruments 
lough  tight-lipped  officially— is  said  to  be 
jveloping  a  biploar  unit  that  uses  integrated- 
ijection-logic  (I*L)  for  increased  density.  I  L 
aintains  the  high  speeds  of  bipolar  circuits 
hile  achieving  densities  comparable  with  MOS 
see  “Integrated  Injection  Logic  Shaping  Up  as 
trong  Bipolar  Challenge  to  MOS,”  ED  6,  March 
i  1974  p  28).  Most  observers  consider  a  high- 
■naity  process,  such  as  PL,  absolutely  essential 
,  achieve  the  high  functions  per  chip  needed 
>r  bipolar /LSI. 

The  strong  emergence  of  bipolar  LSI  jgicl|j 
rocessors  could  have  far-reaching  effects.  At 
resent  processor-chip  vendors,  who  are  the 
irdware  experts,  are  increasing  their 
mnort  while  mini  makers,  who  excel  ^  in  soft- 
are  are  stripping  down  to  "bar e-bones  models. 
However ISect competition  of  products  gen- 
,  11  ;g  limited  because  of  the  speed  gap 
e"n  most  micros,  which  use  MOS.  and  b.P>l»r 

e.  Ha U  Rinolar  LSI  processors  could  bridge 

ml  m  d  „aD  thereby  sparking  a  historic  con- 
lit,-  chip  vendors  and  nnm 
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Microprocessors  in  Test  Equipment 

Promises  and  Delays 

STANLEY  RUNYON 

Associate  Editor,  Electronic  Design 


Though  powerful,  the  microprocessor  hasn’t 
quite  made  it  yet  in  test  and  measuring  instru¬ 
ments.  Most  microprocessors  are  currently  find¬ 
ing  homes  in  commercial,  OEM  and  computer- 
oriented  products — such  as  traffic-control  systems, 
blood  analyzers,  data-entry  terminals,  point-of- 
sale  terminals,  check  processors  and  automatic 
typesetters. 

Exactly  what  is  it  that  has  kept  the  micro¬ 
processor — a  glamour  product  if  there  ever  was 
one — from  being  more  prolifically  used  in  test  in¬ 
struments?  Several  reasons. 

For  one,  it’s  relatively  expensive.  While  the 
CPU  by  itself  may  cost  under  $100,  the  hard¬ 
ware  cost  can  zoom  when  all  the  needed  memory, 
I/O  devices,  clocks  and  other  ICs  are  added. 

For  another,  the  microprocessor’s  relatively 
sluggish  data  cycle  limits  its  use  in  all  but  low 
and  medium-speed  applications. 

Add  to  these  limitations  the  minimal  software 
support  now  on  hand,  then  top  it  off  with  a  lack 
of  familiarization  among  designers  used  to  hard¬ 
wired  logic.  (And  don’t  forget  that,  up  to  now, 
only  two  vendors  offered  them.) 

Rethinking  design  habits 

All  of  this  points  to  a  time  delay,  probably 
two  to  three  years,  before  the  microprocessor 
surfaces  as  a  major  circuit  element — a  time  de¬ 
lay  during  which  prices  must  tumble,  perform¬ 
ance  must  rise  and  engineers  must  learn  to  de¬ 
sign  with  software  rather  than  hardware. 

It’s  true,  however,  that  practically  every  major 
instrument  manufacturer  has  bought  one.  But 
they’ve  been  purchased  only  for  evaluation  and 
not  for  a  specific  instrument.  Thus,  at  least  for 
most  instrument  vendors,  the  microprocessor  is  a 


solution  looking  for  a  problem. 

Right  now,  probably  the  only  measuring  in¬ 
strument  with  an  internal  commercial  micro¬ 
processor  is  Boonton’s  Model  76A  Capacitance 

Bridge. 

In  this  automatic,  programmable  unit,  an  Intel 
MCS-4  microprocessor  controls  the  various  front- 
panel,  display  and  I  O  functions,  as  well  as  digi¬ 
tally  controlling  the  bridge  balance  and  comput¬ 
ing  the  unknown  capacitance,  conductance,  Q 
factor  and  dissipation  (D). 

On  top  of  this,  the  /6A  automatically  correct-** 
all  predictable  bridge  errors,  autorangea  over 
0  to  2000  pF  and  digitally  displays  the  results. 

Boonton’s  solitude  isn’t  to  suggest  that  the 
microprocessor — that  is,  a  general-purpose  MOS 
or  bipolar  LSI  CPU  on  a  chip,  surrounded  by 
ROMs,  RAMs,  I/O  devices  or  other  ICs — isn’t 
being  applied.  It  is.  But  the  viable  product* 
merge  into  a  trickle  rather  than  a  torrent. 
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And  even  though  it’s  a  sure  bet  that  the  next 
\  vear9  will  bring  microcontrolled  DVMs, 
-  thesizers,  sweepers  and  other  instruments,  it’s 
sy"  s0  3Ure  that  the  microcontroller  or  micro¬ 
computer  role  will  be  played  by  a  commercial 

microprocessor. 

One  reason  for  this  is  that  some  potential  cus¬ 
tomers,  big  companies  like  Hewlett-Packard,  have 
opted  to  design  their  own  hardware  or  firmware 
to  implement  the  concept  of  a  microprogram- 
mable  processor.  Or  they  are  building  what  can 
be  termed  a  specialized  microprocessor. 

And,  of  course,  the  role  of  a  built-in  digital 
controller,  calculator,  processor  or  data  shuffler 
can  be,  and  is  being,  filled  by  ROMs,  RAMs,  PLAs 
and  random  logic — all  rivals  to  the  commercial 
microprocessor. 

Examples  are  HP’s  3330  frequency  synthesizer, 
which  has  an  internal  digital  processor,  and  the 
Tektronix’  7704A  Digital  Processing  Oscilloscope, 
a  unit  that  can  perform  calculations  on  its  input 
signals. 

And  Computer  Automation,  a  well-known  mini¬ 
computer  vendor,  offers  a  one-card  mini  with  a 
rather  complex  MOS/LSI  PLA  (which  some 
people  mistakenly  label  a  microprocessor). 

Because  of  this  functional  rivalry,  the  defini¬ 
tion  of  a  microprocessor  is  often  confused. 
There’s  little  doubt  that,  more  and  more,  the 
word  microprocessor  will  come  to  mean  the 
MOS  LSI — or  bipolar — component  and  not  the 
microprogrammable  processors  currently  being 
implemented  in  MSI,  SSI,  and  with  minicom¬ 
puters  or  even  large-scale  computers. 

It  should  be  noted  that  some  commercial  micro¬ 
processors — such  as  National  Semiconductor’s 
P  and  the  AMI  7300  (from  American 


Microsystems,  Inc.)— are  microprogrammable. 

Illustrate  0f  the  microprocessor  concept  is 
the  Model  400  graphic-display  system  built  by 
Adage  Inc.  of  Boston.  Because  microprocessors 
of  the  commercial  variety  couldn’t  handle  the 
fast  I/O  required  by  the  refreshed  CRT  graphics, 
Adage  built  its  own  microprogrammable  display 
processor. 

To  get  the  speed.  Adage  couples  fast  Schottky 
TTL  MSI  with  either  a  high-speed  bipolar  RAM 
or  a  fusible-link  pROM,  depending  on  the  con¬ 
figuration.  The  result:  a  processor  with  a  multi¬ 
plication  time  of  240  ns. 

In  contrast,  Iomec,  Inc. — a  Santa  Clara- based 
firm — was  able  to  use  the  Intel  MCS-4  in  its 
Porta-verter  line  of  remote  data-entry  terminals. 
The  big  difference,  of  course,  is  that  data  entry 
is  a  relatively  slow  job. 

Terminals:  A  natural  home  for  microprocessors 

For  Iomec,  the  commercial  microprocessor  ap¬ 
pears  to  have  been  a  godsend.  When  it  became 
apparent  that  the  Porta-verter’s  original  LSI 
hard-wired  logic  chips  weren’t  going  to  be  de¬ 
livered  on  time  for  Iomec  to  meet  its  delivery 
commitments,  the  company  was  able  to  replace 
the  chips  with  off-the-shelf  microprocessors  at 
about  the  same  cost. 

And  not  only  did  the  microprocessor  fulfill  the 
terminal’s  original  design  goal;  it  allowed  Iomec 
to  offer  such  extras  as  special  character  keys, 
operator  prompts,  error  correction  and  unattend¬ 
ed  operation.  Even  with  all  options,  Iomec  says 
its  price  is  two  to  eight  times  less  than  that  of 
intelligent  terminals. 

One  intelligent  terminal  that  was  conceived 


0anel  disD^'eSSOr  no<  on,y  con*ro,s  various  front- 
d/  anc*  I/O  functions  of  Boonton  s  76A 


Automatic  Capacitance  Bridge ^  it  also^c 
r%  D  and  corrects  for  bridge  e 
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Mornti'h  with  a  nmToprweagor  »us  the  central 
.vnirol  unit  m  the  Mlcrolorm  series  from  Dififi- 
l  ,\$  8\*t«’iu*.  IU>rsh»m,  l’a. 

I  tin's  use  of  tl»e  mioroprocewior  and  the  Micro- 
term'M  inedulwr  design,  Digi  reports,  design- 
With  uui.jue  terminal  requirements  can  just 
nUwt  write  their  own  specs.  Such  features  as 
display  formats,  emle  structure,  baud  rata,  key¬ 
ing  id  format  and  nlitmg  cun  be  personalized  if 


custom  written  software  is  combined  with  select¬ 
ed  hardware  modules. 

t'o  cot  the  identical  capabilities  with  a  hard¬ 
ware  design.  Digi  U'g  estimates  that  600  to  700 
It’s  would  have  been  needed. 

Applications  such  as  lomec’s  and  Digi-Log’s — 
in  which  the  microprocessor  replaces  hard-wired 
logic  or  minicomputers  now  dominate  the  prod¬ 
uct  scout'  and  are  likelv  to  do  so  for  the  next  few 


years. 

In  a  blood  analyzer  built  by  Helena  Laborato¬ 
ries  of  Heaumont,  Tex.,  for  example,  a  micro¬ 
processor  bump.-d  hardware  to  provide  more  com¬ 
plex.  faster  and  more  accurate  data  handling — 
in  a  smaller  package  yet  at  less  cost. 

The  analyzer,  through  the  microprocessor,  per¬ 
forms  mathematical  and  operational  routines  on 
raw  data  received  from  a  sensor  and  gives  a 
printout,  in  medical  units,  of  blood  protein  con¬ 
tent. 

In  still  another  application,  four  PC  cards 
were  knocked  out  by  Intel’s  8008  microprocessor 
in  a  computing  integrator  built  by  the  Autolab 
lbv.  of  Spectra-Physica. 


This  remote  data-entry  terminal — the  Porta-verter 

from  lomec,  Inc. — offers  intelligent  operation 
Credit  goes  to  a  four-bit  microprocessor. 


Designed  expressly  for  chromatographic  data 
processing,  Autolab’s  System  1  can  replace  a 
general-purpose  mini  or  a  programmable  calcu¬ 
lator.  Autolab  notes  these  benefits  with 
microprocessor:  The  design  was  simplified, 
instrument  shrank,  reliability  went  up 
costs  were  reduced. 

How  did  Autolab  and  Helena  save  money  by 


A  'micro'  what? 

What’s  a  microprocessor?  Confusion  seems  to 
result  when  the  prefix  ’‘micro”  is  plugged  into 
the  front  end  of  a  word.  And  no  wonder.  Gen¬ 
eric  names  an*  few.  and  vendors  like  to  coin 
words  to  describe  their  "unique”  products.  Here 
is  an  attempt  to  clear  the  confusion: 

Microprocessor:  An  LSI  central  processing 
unit  (CPl’t  on  one — or  a  few — MOS  or  bipolar 
Chips.  Along  With  arithmetic  functions,  the  CPU 
may  perform  input  output  (I  O)  jobs  and  may 
contain  a  scratch  pad  or  other  memory-  To  form 
a  working  system,  at  least  one  external  ROM, 
RAM  or  other  memory  device  is  usually  used 
with  the  t'PU. 

M  icrocomputer:  Microprocessors!  are  some¬ 
times  called  microcomputers.  Rut  ho  are  "small” 
computers  such  as  ha  re -bones  minicomputers, 
built  on  one  or  a  few  PC  cards.  Minicomputers 
built  around  a  commercial  microprocessor  are 
often  called  microcomputers 

To  make  things  worse,  computers  that  use 


microprogramming  are  sometimes  referred  to 
as  microcomputers,  regardless  of  the  sue  and 
packaging  of  the  CPU. 

Microprogrammed  processor  or  computer: 
The  term  "microprogrammed”  refers  to  any 
computer  whose  instruction  set  is  not  fixed  but 
can  be  tailored  to  individual  needs  by  the  pro¬ 
gramming  of  ROMs  or  other  memory  devices. 
Consequently  whether  the  computer  is  a  mini, 
midi,  maxi — or  a  microprocessor — theoretically 
it  can  be  microprogrammed. 

Microcontroller:  Another  all-purpose  word, 
this  can  mean  a  microprogrammed  machine,  a 
microprocessor  or  a  microcomputer  used  in  a 
control  operation — that  is,  to  direct  or  make 
changes  in  a  process  or  operation.  But  there's  a 
narrower  definition,  more  in  keeping  with  the 
prefix,  in  which  microcontroller  refers  to  any 
device  or  instrument  that  controls  a  process 
with  high  resolution,  usually  over  a  narrow’ 
region. 


i.  %  Sr 


substituting  microprocessors,  while  others  point 
to  their  high  cost’ 

-  of  course,  depends  on  what  the 
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fhe  answer,  of  course,  depends  on  what  the 
microprocessor  replaces.  For  simple  jobs  with 
few  components,  random  logic  is  less  expensive. 
But  at  the  other  extreme,  if  the  microprocessor 

shoves  a  minicomputer  aside,  the  cost  savings _ 

as  well  as  the  volume  reduction — can  be  sub¬ 
stantial. 


Micros  vs  minis  and  other  hardware 

Dr.  Robert  E.  Jackson  of  Applied  Computing 
Technology,  Irvine,  Calif.,  offers  this  rule  of 
thumb  to  determine  the  cost  tradeoff  between 
random  logic  and  microprocessors:  A  50-IC  sys¬ 
tem  costs  about  the  same  as  a  microprocessor 
plus  20  interface  ICs.  Included  in  the  rule  are 
parts  cost  and  the  cost  of  handling,  testing  and 
interconnections. 

Does  the  microprocessor’s  inroads  into  mini¬ 
computer  territory  worry  minicomputer  vendors? 
Not  yet.  Punch  for  punch,  the  microprocessor — 
at  least  at  present — is  no  match  for  the  mini  in 
speed,  word  length,  memory  capacity,  number 
of  instructions,  computing  power  and  software 
availability. 

But  where  the  mini  is  being  used  as  a  50-mm 
cannon  when  a  BB  gun  will  do,  watch  out.  In 
dedicated  control  applications  that  don’t  need 
complicated  calculations,  the  microprocessor  can 
fill  the  need  for  a  programmable  device;  a  mini 
here  would  be  overkill.  Where  a  mini  is  used 


^^fthroceS5°rs  bring  sophistication  to  video 
diw&es:  Such  as  Atari’s  Quadrapong — a  hockey  like 
d,vecs,on  for  four  people. 


The  Microterm  series,  built  by  Digi-Log  Systems, 

are  microprocessor-based,  intelligent  terminals 
that  can  be  customized  to  a  user’s  specs. 


primarily  to  compute  but  a  built-in  computer 
with  low  power  consumption  is  preferred,  a 
microprocessor  may  slip  in. 

Road  traffic  controllers,  such  as  the  Model  901 
from  Multisonics  of  San  Ramon,  Calif.,  are  ap¬ 
plications  in  which  microprocessors  may  also  re¬ 
place  minis.  The  job  is  so  easy  for  a  mini  that 
it  loafs  half  of  the  time.  Buried  in  the  901  is 
Intel’s  8008  microprocessor.  This  8-bit  unit — 
coupled  with  14  pROM  pages  and  other  memory 
— forms  the  heart  of  a  computer  that,  though 
invisible  to  the  user,  optimizes  traffic  flow  in 
many  separate  intersections. 

The  advantages  of  the  microprocessor  ap¬ 
proach  here?  Foremost,  the  manufacturer  can 
tailor  the  system  to  individual  applications  by 
first  changing  the  software  and  then  just  plug¬ 
ging  in  new  ROMs.  Other  benefits  include  a  sig¬ 
nificant  size  reduction  and  easier  troubleshoot¬ 
ing  and  maintenance. 

Micros  turn  up  in  minis 

Apparently  the  minicomputer  makers  aren't 
too  concerned  about  a  potentially  serious  micro¬ 
processor  threat.  In  fact,  one  mini  vendor — Gen¬ 
eral  Automation — has  just  unwrapped  a  12-bit 
microcomputer  that  uses  a  silicon-on-sapphire 
(SOS),  microprocessor  made  by  Rockwell  Inter¬ 
national. 

General  Automation  defines  a  microcomputer 
as  a  full  system  computer  on  a  board,  with  the 

processor  on  a  single  chip. 

Digital  Equipment  Corp. — the  largest  mini 
manufacturer — also  appears  to  view  the  micro- 
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By  replacing  a  minicomputer  with  a  four-bit  micro-  and  slim  down  the  size  of  its  newspaper -oriental 
processor.  Data  Type  Corp.  was  able  to  cut  costs  optical  page  reader — the  DFR  300, 


processor  as  a  friend  and  not  a  foe. 

DW  has  unveiled  a  dedicated  control  system 
built  around  a  microprocessor — the  M  PS  Series. 
Consisting  of  five  modules,  the  MI'S  can  lie  built 
into  terminals,  process-control  systems  and  other 
insru  mentation. 


Thus  we  can  anticij>ate  a  three-way  rivalry 
for  equipment  space — with  microcomputers  get 
ting  squeezed  from  1h*1ow  by  microprocessor! 
and  from  al>ove  by  bare-bones  minicomputers. 

However,  some  engineers  feel  that  just  as  tin 
introduction  of  the  mini  spawned  entirely  new 
applications,  rather  than  cut  into  the  applications 
of  medium  and  large-scale  machines,  so  will 
microprocessors  and  microcomputers. 

f.ut  what  will  happen  as  microprocessors  grow 
m  complexity,  speed  and  power,  and  the  line  be¬ 
tween  micro  and  at,  least  the  low-end  mini  liegins 
to  blur?  Perhaps  we’ll  see  a  vertical  shift,  with 
minis  creeping  into  applications  now  dominated 
by  the  medium  and  big  computers. 

In  the  meantime  newly  conceived  products— 
Ike  the  Staid  Corp.’s  Datacash,  a  point-of-sale 
terminal  will  use  microprocessors  instead  of 
hard-wired  logic.  And  many  existing  products 
Will  no  doubt  convert  to  microprocessor-based 

designs  to  compete. 

J"  Stai?’a  «"«•  an  MCS-4 — coupled  with 
pKOMs— allowed  the  company  to  build  a  termi¬ 
nal  that  is  easily  tailored  to  a  customer’s  needs. 
Datacash — primarily  intended  for  restaurants 
and  cafeterias — has  110  keys,  each  of  whose 
legends  can  be  changed  on  site  with  a  peg  matrix, 
plus  six  function  keys  for  special  applications.’ 
And  the  unit  keeps  a  running  inventory  of  each 
key  strike.  With  hard-wired  circuitry,  Staid  says, 
30  TTI,  cards  would  have  been  required. 

One  company  that,  has  already  converted  an 
existing  product — at  the  expense  of  a  mini — is 
Data  Type  of  Miami.  The  company’s  DFR  300 


optical  page  reader  started  out  with  either 
I’DIMfts  or  NOY’A  1200s  as  the  code-translator 
controller. 

Hut,  says  Data  Type,  the  HDP-16  costs  sub¬ 
stantially  more  than  the  M(’S-4  (hat  replaced 
if,  and  the  NOVA  1200  was  three-quarters  nsloei' 
on  its  job  as  a  start-stop  controller,  error  Jo- 
lector  and  buffer. 

At  present  the  MCS-4  controller  portion  of  the 
page  reader,  which  reads  font  for  the  newspaper 
trade  and  functions  as  a  terminal  in  the  graphic- 
arts,  has  been  designed  as  a  separate,  retrofit 
package  to  replace  the  mini  directly.  Future 
models,  however,  will  have  the  microprocessor 
built,  in. 


t'tomo  applications  enable  the  microprocessor 
and  the  mini  to  work  together  symbiotic®  lb-  This 
appears  to  l>e  the  case  with  the  Telecontrolk’1' 
a  programmable,  front-end  data-communicatiofl' 
puxessor  built  by  Action  Communications  <’ 
Dallas,  Tex. 

Instead  of  replacing  a  mini,  an  Intel  mic*-0 
piocesaor  in  the  Teleoontroller  f iwd  the  corn- 
puter  to  take  on  more  work.  The  microprocessor-- 
"  1KJ1  serve8  as  a  message  switcher  in  a  high¬ 
speed  binary  interface,  efficiently  handles  the 
inini  11  data  and  then  passes  it  on  to  th<’ 

With  an  intelligent  function  distributed  >” 

?  "U-V’  more  c°mputer  core  becomes  availabl*'* 

'  *  !T!a,n-'  ™<>re  formi nals  can  come  on  line  to  I* 
j  ,..t<  ni'ni.  Thus  look  for  distributed  *'i 

let  me  \  ia  microprocessors — to  appear  1,1 
more  and  more  new  tenninal  systems  and  to  I* 
'•*'  *<*'rttcd  to  existing  systems. 

One  terminal  supplier  that  will  probably  I*' 
doing  lH>th  is  the  Digital  Systems  Div.  of  Tex* 
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T1  sees  the  microprocessor  as  an 

Instruments.  ^  ^  customers  a  “rubber” 

opPorll,]nl  Ostein— one  that  can  grow  as  data- 
functions  change. 

fr0C  i  nce  was  redistributed  in  still  another 
InteUi^e  gerjea  2000,  by  Process  Control 

interface-^1 

this  general-purpose  process-control 
System^  ^  mjcro  epu  and  memory  were  design- 
intertace,  ^  ^  in  some  applications,  replace  a 
ed  t0  Built  around  the  8-bit  Intel  8080 — the  first 
m"'1'  |  jyfOS  microprocessor — the  interface 

n"1  be  used  as  a  down-line  satellite  of  another 
can  uter  or  as  a  stand-alone  data-acquisition 
System  In  the  latter  case  the  interface  bumps 

the  computer.  _ 

By  building  in  the  microprocessor.  Process 

Control  Systems  not  only  saved  hardware  dollars, 
but  cabling  costa  in  remote  processes  were  also 
considerably  reduced.  For  example,  Ford  Motor 
Co.  uses  a  number  of  the  interfaces  at  carburetor- 
flow  tests  stands.  Here  the  micro  CPU  serves  as 
a  satellite  to  a  down-line  Interdata  70,  and  it 
multiplexes  the  interface  data  to  the  computer. 
In  a  similar  application,  the  Buick  Div.  of  Gen¬ 
eral  Motors  puts  the  interface  at  its  assembly 
line  in  a  torque-monitoring  system. 

In  the  torque  monitor,  the  micro  CPU  converts 
parallel  data  to  serial  and  funnels  the  informa¬ 
tion  stream  into  a  dual-conductor  cable.  The  cable 
then  carries  the  data  downstream,  where  it  is 
finally  dumped  into  an  HP  2100  mini.  Another 
interface,  between  the  computer  and  the  cable, 
reconverts  the  serial  stream  to  parallel  data. 

■Other  microprocessors  surface 

The  8080  microprocessor  used  by  Process  Con- 
r»  Systems  in  its  interface  is  Intel’s  newest  and 
~<*t  powerful  unit  and  is  sure  to  boost  the  semi- 
"  Uc*or  c°mpany’s  competitive  lead  time  even 
eeause  of  the  lead,  Intel  now  dominates 
J^ar  et  in  terms  of  available  microprocessor- 

^  Products. 

PC  *0ttal'8  microprocessor  and 

nto  p  1  ^  LSI  system  kit  are  being  built 
ippliCati  0  J**8  and  may  soon  pop  up  in  such 
tus  ^  88  aircraft  control  systems,  flight- 
iougb i  <lt,itors>  analog  computers  (strangely 
nerat,r^niK*ear  instrumentation  and  symbol 

Anfl,  oj 

ng Avri rse ’  °ther  semi  houses  aren’t 

rrays  ‘  ’  General  Instrument,  Electronic 
II  all  hav'0^  ^*Rnei'ica  an(I  Western  Digital 
LkCAh.'  ^enerai-Purpose  units  available 
robrtxeK^  already  announced  the  first  CMOS 
*  samnii„°r',  ii-  expects  to  offer  initially 

'  Natural  f *  in  microprocessors,  it’s 

r,r  a  designer  to  ask:  Is  there  one 


General  Automation's  LSI-12/ 16 — an  8  bit  auto¬ 
mation  microcomputer — is  built  around  the  first 
silicon-on-sapphire  microprocessor. 


Staid  Corporation's  Datacash — a  microprocessor- 
based  point-of-sale  terminal  for  restaurants — 
keeps  an  inventory  of  every  key  strike. 


my  future?  The  answer:  Inevitably,  yes.  In 
meantime,  though,  designers  are  more  likely 
run  into  one  at  their  opthomologist’s,  at  the 
irher’s  or  at  their  favorite  watering  hole, 
a  the  eye  doctor,  look  for  Coherent  Radia- 
i’s  Dioptron — an  optical  instrument  that 
isures  and  analyzes  the  eye’s  focal  character- 
and  prints  out  the  results, 
t  the  mLt  market.  ch*k  tor  the  butcher, 
mb  on  a  Toledo  digital-computer  acalt-a 
t  that  converts  .-eights  to  P^en  Pnnt,  lateU 

I  displays  unit  price,  JffJd.ng 

\nd  at  the  bar,  try  to  beat  the  gal  in 

:t  to  you  at  a  new  video  gan*.  £  ;  Uy 

ich  ft  cat  chases  a  mm.se  througha  u-n 

mging  maze.  If  you  lose,  the  *«"*- 

lass-— thank  the  microprocessor. 
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Smart  Machines  in  Industrial 
Electronics 

JOHN  F.  MASON 

Associate  Editor ,  Electronic  Design 


In  the  midst  of  a  recession  and 
the  normally  fluctuating  cyclical 
demands,  industrial  electronics  is 
steadily  undergoing  radical  changes 
in  design — due,  to  a  great  extent, 
to  the  growing  acceptance  of  the 
microprocessor. 

More  machines  are  being  built 
“smart” — with  computational  capa¬ 
bility  provided  by  microprocessors. 
And  the  cost  for  such  performance 
is  one  tenth  or  potentially  one 
fiftieth  that  of  a  minicomputer. 

The  sectors  of  the  electronics  in¬ 
dustry  that  will  suffer  from  this 
invasion  of  the  tiny,  cheap,  intelli¬ 
gent  chips  include  the  manufac¬ 
turers  of  conventional  TTL  cir¬ 
cuits  and  the  small  signal  resistors 
and  capacitors  that  are  used 
with  these  circuits  on  PC  boards. 
Except  for  high-speed  applications, 
these  components  just  won't  be 
needed. 

But  emerging  from  the  finan¬ 
cially  painful  demise  of  these  and 
other  components  there  is  good 
news  for  the  design  engineer.  With 
microprocessor  chips  he  is  finding 
that  he  can  produce  a  much  better 
product  more  quickly  than  before, 
at  a  lower  cost.  He  has  more  de¬ 
sign  flexibility  and  much  shorter 
design  cycle  times. 

Equipment  benefiting  from  the 
microprocessor  chip  sets  include  in¬ 
strumentation,  communications, 
process-control  systems,  industrial 
machine  tools  and  a  vast  number 
of  small  “dedicated”  tools — tools 
that  can  perform  one  specialized 
function. 

But  the  invasion  of  microproc¬ 
essors  is  far  from  complete.  Gen¬ 
eral  Electric,  an  established  strong¬ 
hold  for  the  manufacture  of 
numerical  control  ( NO  equipment, 
has  introduced  its  newest  soft- 
wired  numerical  control  system, 
the  Mark  Century  1050  series, 
which  uses  microprocessors.  Using 
advanced  diagnostic  techniques, 
the  1050  is  built  for  use  in  ma¬ 


chining  centers  that  use  high 
speed  machines.  But  according  to 
the  company's  James  Connolly, 
product  manager  for  numerical 
control  in  Waynesboro,  VA,  hard 
wire  numerical  control  will  be 
around  for  a  long  time. 

Westinghouse  is  looking  toward 
microprocessors,  too,  but  says: 
“Minicomputers  are  coming  down 
in  price  and  will  continue  to  be 
used  for  some  time.” 

Robert  Morgan,  marketing  man¬ 
ager  for  the  company's  industrial 
equipment  division  in  Buffalo,  NY, 
sees  that  technology  in  1975  will 
evolve  slowly  without  many  sur¬ 
prises.  He  says:  “We’re  continuing 
to  move  more  into  solid  state — 
thyristors — and  diodes — a  change 


that  has  been  slightly  slower  th*- 
we'd  expected.” 

Because  of  the  business  clirnai. 
and  the  environmentalists,  Morg» 
continues,  “We’re  going  to  $tan 
making  use  of  a  lot  of  technolog;. 
cal  developments  we've  already 
— particularly  in  the  area  of  ener¬ 
gy  conservation.” 

Morgan  continues:  '‘Rather  that 
innovation,  we're  going  to  take  a 
hard  look  at  the  way  our  equip¬ 
ment  is  built  and  the  power 
sources  it  uses.  We'll  take  SCR*, 
for  example,  and  convert  them  a 
bit  and  apply  them  in  different 
ways.” 

“Conditions  in  1975  are  goin* 
to  force  a  lot  of  technology  that’s 
been  around  a  long  time  to  be 
used  in  quite  a  number  of  new 


General  Electric’s  1050  softwired  numerical  controller — which  employs  thf 
latest  in  microprocessors — operates  a  multi-axis  machine-tool  work  center 
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is 
wire 
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„  Morgan  concludes. 

Bradley  look s  forward  to 
Alt>n  year  for  computerized 
’  “Si  control  (CMC).  "We  be- 
*  »  «*  a  foothold  in  this  mar- 

fa"  ’’  j97.j  ->  gays  Mike  Gregory, 
ke‘  |"t  manager  for  numerical 
P^l  equipment,  Cleveland,  OH. 

i"  1*4  “d  wiil 

...0W-  even  more  in  ’75. 

People  are  familiar  with  the 
equipment  now,  Gregory  explains, 
and  they  no  longer  fear  abandon¬ 
ing  hardwire  numerical  control 
for  a  more  “intelligent”  system. 
And  also  the  cost  of  CNC  is  com¬ 
ing  down.  “The  price  of  CNC 
really  approaching  that  of  hard- 
ire  NC,"  Gregory  says.  “To  give 
a  hardwire  system  the  flexibility 
that  CNC  has  would  cost  far  too 
much." 

Allen-Bradley  continues  to  build 
Direct  Numerical  Control  (DNC) 
systems  but  does  not  expect  to  see 
growth  in  that  particular  sector 
this  year. 

Gregory  reports:  “At  the  sim¬ 
pler  end  of  the  spectrum,  pro¬ 
grammable  controllers,  which  be¬ 
gan  to  catch  on  in  1972,  are 
expected  in  1975  to  outstrip  their 
tremendous  growth  of  the  past 
year." 

One  drawing  card  of  the  pro¬ 
grammable  controller,  of  course,  is 
its  use  of  microprocessors  and  its 
sequencing  and  computing  func¬ 
tions.  The  machines  are  becoming 
c  eaPer  as  well  as  more  powerful. 
Allen-Bradley  believes  the  capi- 
-goods  market  is  going  to  re¬ 
am  strong  throughout  1975.  “The 

vears^h  T°n  t  6(11131  that  of  past 
is?!  tb  LWe  do  expect  sales  in 
esn*.^  be  b<?tter  than  1974— 

orT^  CNC  SyStemS’”  Greg- 

UseC,rnati  Milicron  sees  more 

^cularTvItPr0CeS3OrS  in  1975’ 

Rollers  ik  .  °  pro£rainniable  con- 

the  com!  .  Charles  F-  Carter, 
Devejr3  dl,‘ector  of  Product 
Gr°Up  6nt  f°r  the  Machine 

Carter  f  n 

CNC,  comn  S  Kams  in  ’75  by  both 
‘rol  a nn  h  ^  6d  numerical  con- 
mf>t*  than  N rUlre  NC*  CNC  offers 
ln*  down.  r  and  its  cost  is  com- 
*°*he  of  *h  Ut  °n  °ther  hand, 
°f  C*C  are  "°Phisticat*d  featu  res 

to  Me.  Dein*  incorporated  in- 
'  6  COntro,—Publicized  at 


Programmable  controller  from  Allen-Bradley  offers  a  convertible  memory  sys¬ 
tem.  Either  a  programmable  read-only  memory  processor  or  a  read  /write 
memory  processor  may  be  used  interchangeably.  Shown  are  the  program 
panel  (left)  and  basic  controller  system. 


the  last  three  Machine  Tool  Shows 
in  Chicago — is  still  just  getting 
off  the  ground.  Its  main  acceptance 
thus  far,  Carter  says,  is  by  the 
aerospace  industry. 

As  for  new  markets,  U.S.  com¬ 
panies  do  not  seem  to  be  looking 
toward  the  oil-producing  countries 
as  aggressively  as  the  European 
electronics  industry  does.  Many 
Americans  queried  feel  that  the 


Computerized  numerical  control  sys¬ 
tems,  such  as  the  7360  model  from 
Allen-Bradley,  can  be  readily  shifted 
from  one  type  of  machine  operation 
to  another  without  hardwiring 
changes. 


market  is  not  big  enough  yet.  They 
say  the  Arabs'  needs  at  this  time 
won't  make  up  for  the  declining 
needs  of  such  former  big  spenders 
as  England  and  Japan.  Europeans, 
on  the  other  hand,  seem  willing  to 
cultivate  the  Arabs  and  wait.  Com¬ 
panies  such  as  Bruel  &  Kjaer  in 
Copenhagen,  for  example,  say  they 
are  already  looking  at  new  designs 
for  their  equipment,  to  simplify  it 
for  operators  who  are  not  skilled. 

The  first  big  sales  to  the  oil 
producers  will  probably  be  con¬ 
sumer  products — black  and  white 
television  sets.  But  Iran  and  Saudi 
Arabia  plan  to  import  entire  in¬ 
dustrial  plants.  This  market  won't 
burst  wide  open  in  1975,  but 
Europe  is  waiting  to  step  in  w’hen 
it  does. 

As  for  the  cyclical  demands  for 
industrial  equipment — a  concept  re¬ 
spected  by  many:  Spending  is  ex¬ 
pected  to  continue  through  March, 
drop  down  for  the  second  and  third 
quarters  and  rise  slightly  in  the 
fourth.  Consumer  buying  will  pick 
up  in  early  1976,  bringing  capital- 
goods  spending  up  by  the  second 
half  of  '76.  So  the  end  of  the  dark 
tunnel  we’re  in  now  will  bring  us 
out  happy  and  prosperous  right  in 
the  midst  of  the  nation's  bicenten¬ 
nial  anniversary  celebration  just 
as  if  the  whole  thing  had  been 
planned. 


MU  Hlll'ttIH  I  HMWH  NvW  lUU'i'lhinn  fat  IhMijiiprn 


Micro  vs  Mini 

Mini  ManufttHutvrn  ( ' ountrrpunch 

JOHN  K  MASON 

AtmiicUilr  A 'tillin',  Klecl  tonic  I >«»*i y f i 


Fit  I  Hu  if  wan  the  glftid  '  "injiiilfi  Thu  (Inin 
pron-nsor  to  «>inl  nil  dalw  proeeasors.  ('mi 
Imlr/.nliini  wmi  Ihf  iinswet  One  big  miicliine 
would  do  Ihf  brain  work  for  nil  entire  fni’lllly. 

Thfii  I'Miiif  Ihf  nmallei  mm'hllicn  I  >ece n| rail 
/al  ion  bf«  iifTP-  an  te  repHihlc  concept  Hill  wan  II 
really  the  wav  to  go? 

Thmi  Ihf  rnlnicomputet  arrived  This  waa  rmil 
revolution!  I  ><•<  fill »  uli/ul  Imi  waa  right,  after  all 
Ami  thf  mini  wa«  kf nir ! 

Ami  than  ami  win*  wiim  ready  for  lliia?  Ilia 
mil  roprocensoi  appear ed 

Will  there  Im-  a  hall  la?  In  |l  nirfalria  for  lha 
mini?  I  in  Digital  Equipment  ('nip  Kor  Data 
(Jwierul?  Kor  Hewlett  Packard? 

Hewlett  I'a.  kard'N  Paul  (  Kly  dr  says  thorn 
will  la-  a  battle  lajl  Ha-  mini  will  Niirvlva  If  Ilia 
msnufiuturer  known  what  he's  doing,  Kly  la  Ran 
ff  rtl  manager  for  thf  company's  Humpuler  Hys 
kuna  Group  In  Cuportlna,  (  A 
<  ham/r,  urn  taking  pi M'«  In  Ihf  computer  In 
du  i»y  all  right ,  Kly  agroe«  Tha  fflleroprofnasor 
i*  having  an  Irnpncl 

'Mm  fortunately,"  Kly  .'plains,  "the  m  In  Iron, 
rmiar  h*N  always  enjoyed  lha  advantage  of  hay 

"'K  “  v,,ry  Maao,  as  fur  aa  applicability  |n 

romarm-d  A*  1 0(1  unify  yraw*  and  make*  now 
•  arm, ml.,,  lha  minicomputer  move*  In  to  (III  thorn. 

Mm  ml*  tnpriN  fnNor  and  thf  minicomputer 
an  n  i  hi  war  but  thf  mb  lapro.  casor  ha*  capliired 
-mm.  territory  and  In  forcing  lha  mini  la  movn. 

"  h"“  '  oiiBiNlanily  farm,  down  In  price  and 

•*|.  m  |<f  (  far  <nam «  Mo  Ihf  mlnopriH  aa-mr  In 

•'■•‘ply  'at  iiij/  ni.,„l|,  rhfAp«t  . . . 

ha  mini  In  now  laa  big  la  handle  Together.  thf 
ZZr,'*mmt''  ”’"1  ,h*’  m,nl  Unvtt  *’M.«ndfd  thf 

I'dv  ,f«N  three  lni|M, fluid  trends  in  lh«  giant 
ininiaornpulor  <  '.iiifiitiiiMi ; 

I  Mnniifii.  Iiiii’n  rarely  Mali  Naoiaana  a  l.m, 


(I’ll  these  days.  They  provide  the  mini  in  n 
complete  system  with  integrated  peripheral*. 
"Evan  the  OEMs  want  complete  systems,"  he 
says.  Thin  trend,  which  actually  started  about 
three  yearn  ago  before  microprocessors — is  evi- 
dmil  in  many  product  11  new :  "DBC'b  PDP-11  70, 
Dale  Ketiernl's  Eclipse.  and  HP’s  .1000  CX,"  Ely 
notes. 

2.  A  system's  software  in  more  powerful  than 
il  mted  to  he.  "You  give  them  really  comprehen- 
niva  upending  software  that  will  solve  their  prob- 
terns,"  Kly  says.  As  a  result,  less  money  is  sprnt 
for  developing  nistom  software  and  a  better, 
more  ii  liid.li>  software  results. 

1  M  a  Oil  fne  Hirers  have  got  to  build  their  own 
per  I  pbf  rn  Is,  Tills  gives  Iho  systems  mnniifscturer 
a  I'liimce  la  make  a  unique  performance  cmiln 
Indian  la  his  product  at  the  systems  level.  II  *I*° 
gives  him  raid  ml  of  his  reliahility  and  costs. 


Haw  to  stay  alive 

Home  minicomputer  house*  will  be  around  •*" 
vain  l  lam  now  and  some  won’t,  Ely  says, 
me  "IN'  and  apparently  DttC  are  actually  eX' 
|n  i  a  a.  mg  n  p.  I  |od  <»f  grow  th  dttfi Ihf  :r 
fi  all  v  I  .ml  is’anomic  times.  To  survive,  you  hi'1* 

n.  . .  forward  Into  systems  Integration  a11' 

p>  (  iphe nils  Ami  you  must  also  move  backward 
ml..  |l  leelmology," 

Ah  an  example,  Kly  noiw.*  "In  the  past 
im>.  group  of  engineer  with  A  bright  id.a  1  ' 
huv  lagh  from  Kalmhlld  or  Texas  Instrum‘,"<“ 
a*  Maimala,  build  a  (T*U,  put  together  Aslmpl*' 

I tiang li  |m*i  Imp.)  i  lever,  software  package  to  in''' 
il.  mid  they  were  a  ’mini  supplier.* 

"These  mi f  the  people  who  tnnv  Is*  replacrsl  K 
•  lif  tail  i  apt ...  is«Hor  CompAnlM,"  Ely  predicts, 

I*.,  survive  In  the  long  run,  he  says,  mnmifa4 
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must  know  how  to  build  electromechani- 
^Tvicefl  and  at  least  the  main  systems  peri- 
cr1  )S  such  as  discs  and  tapes,  for  mass  stor- 
ph(  l  \fi  for  line  printers  and  terminals  to  inter¬ 
im  with  the  system. 

••This  is  where  the  money  in  a  system  is,”  Ely 
joyg  "not  in  the  CPU. 

“Apart  from  cost,”  he  adds,  “reputation  is  at 

4take  If  you  buy  y°ur  di8Ca»  y°u  won,t  be  able 

to  differentiate  them  from  those  of  your  competi¬ 
tors.  And  you  can’t  claim  that  your  discs  are 
better  unless,  in  fact,  they  are  and  unless  you 
make  them.  As  the  industry  matures,  the  ones 
who  have  developed  their  own  capabilities  in 
these  key  peripherals  will  be  successful. 

“This  doesn’t  mean  that  we’re  going  to  stop 
buying  all  peripherals.  But  we  do  plan  to  build 
a  large  share  of  the  ones  that  represent  the 
essential  performance  limitations  in  our  systems.” 

Expertise  in  LSI  design  is  also  required,  Ely 
says.  Minis  of  the  future  won’t  be  built  with 
standard  circuits  from  a  semiconductor  house; 
they’ll  be  custom-designed,  he  predicts. 

"Some  of  the  minicomputer  companies  are 
vertically  integrating  backwards  into  IC  tech¬ 
nology  by  working  closely  with  a  supplier,”  the 
HP  manager  points  out.  “That’s  what  DEC  has 
done  with  Western  Digital  to  make  their  LSI-11. 
This  is  an  LSI  version  of  the  DEC  PDP-11.  We 
in  HP  have  invested  in  an  in-house  LSI  capability 
and  Data  General  has  bought  an  LSI  facility.”- 

Ely  feels  strongly  enough  about  the  need  for 
expertise  in  IC  technology  to  predict:  “The  ex¬ 
tent  to  which  we  are  successful  in  this  will  de¬ 
termine  our  competitive  success  in  the  long  run.” 

"  ^  the  IC  houses  become  systems  producers  ? 


have ‘Sn^r801’  comp?nlw  don't  at  this  point 
have  the  software  capability  to  become  a  «v«. 

terns  house  -  he  says.  "They  can,  however.  «. 

quire  this  by  first  recognizing  the  need  for  it 

hiring  a  competent  staff  and  gaining  experience.' 

Developing  a  peripheral  capability,  on  the 
other  hand,  is  more  difficult.  This  requires  both 
an  engineering  and  a  manufacturing  capability 

something  that’s  very’  different  from  manufac¬ 
turing  ICs  and  that  calls  for  a  substantial  invest¬ 
ment.  Making  a  good  disc  is  a  sophisticated  elec¬ 
tromechanical  job  which  requires  major  machine 
shop  facilities.” 

More  uses  are  being  found  for  the  minicom¬ 
puter  because  new  industrial  areas  are  discover¬ 
ing  its  applicability,  and  also  because  it's  now 
being  offered  as  a  more  complete,  practical  sys¬ 
tem,  Ely  says. 

"OEMs,  who  began  buying  relatively  simple 
CPUs  to  use  as  controllers,  now  frequently  put 
a  whole  computer  system  in  their  product.  They 
build  sophisticated  computer-controlled  systems 
into  products  that  formerly  would  have  received 
no  more  than  a  simple  disc-based  unit. 

“We  see  a  lot  of  new  business  in  the  energy- 
related  industries.  We  are  selling  computers  to 
OEMs  who  sell  to  exploration  companies,  service 
companies  and  manufacturers  of  drilling  equip¬ 
ment.  There  are  a  large  number  of  small  techni¬ 
cally  based  companies  that  serve  the  energy  field 
that  are  in  a  rapid  state  of  growth  today. 

“A  great  deal  of  training  and  patience  are  re¬ 
quired  by  the  user  of  today's  minicomputers,’ 
Ely  says.  “I  personally  think  that  HP  has  done 
a  good  job  in  this  area,  but  we’re  going  to  do 
even  better.” 
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Getting  Started: 

Microprocessor  Basics 

Following  a  discussion  of  hardware  characteristics,  three  software-oriented 
articles  deal  with  the  capabilities  of  microprocessor  instructions  and  differ¬ 
ent  coding  tools.  An  algorithm  for  a  traffic-light  controller  illustrates  princi- 
pies  that  can  be  used  with  any  microprocessor. 

Next,  a  piece  on  input/output  characteristics  of  competing  microproces¬ 
sors  shows  how  the  I/O  affects  peripheral-interface  capabilities.  The  final 
three  articles  concentrate  on  initial  design  phases. 
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Andre  G.  Vacroux,  Bell  Telephone  Laboratories,  Holmdel 

Microprocessor  or  Random  Logic? . 62 

Donald  R.  Leivis  and  W.  Ralph  Siena,  Automata  Systems  Corp., 

Kew  Gardens,  N.Y. 

The  Anatomy  of  a  Microprocessor  Chip . . . 67 

Donald  R.  Lewis  and  W.  Ralph  Siena,  Automata  Systems  Corp., 
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C-learing  the  Interface  and  Software  Hurdles  . . 73 
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MOS/LSI  Microprocessor  Selection 

ALANJ.VVEISSBERGER 

)fitr«frt*frs*or  A  implications  Engineer 
Sntiosal  Stmicontluci or,  Santa  Clara 


With  the  suddenly  popular  MOS  LSI  micro- 
,»iw«wor  turning  up  in  many  new  and  intritru 
in*  applications,  some  down-to-earth  question* 
*"'  .onfronti"*  diners:  I,  a  microprocessor 

™h  application?  If  it  is,  Which  one 

.should  l  choose?  w 

Microprocessors  are  used  primarily  to  replace 
or  upgrade  random-logic  designs.*  Selection 
problems  can  be  simplified  by  careful  analysis 
ot  hardware  requirements,  software  capabilities 
*n,l  the  down  aids  offered  by  manufacturers 
A  microprocessor  is  more  efficient  than  a 
random-logic  design  when  the  following  con- 
dittons  art*  present : 

■  About  50  or  more  ICs  are  used  in  sequential 

ZncZ^  deaign8  t0  pcrform  ma">’ 

.  ,,Unr(ional  flexibility  or  expansion  capa- 
w«ty  is  desired. 

■  Random  collection  and  routing  of  data  are 
required. 

t  otnplex,  logic  decisions  must  be  made, 
t array  logic— in  the  form  of  ROMs,  pROMs  and 


PLAs,  or  programmable  logic  arravs— i*  .nnti, 
alternative  for  this  condition.)  °tht'r 

polarA4-h!r!tiC.uCOrnPUtati°na  are  "^ded.  (Bi. 
the  newer  1 a  m?tu  '°^lc  Ulll’ts  and  some  of 
.  wli  deV1<?eS  Can  a,8°  fulfi"  thia  need  ) 
then  ^  requirements  are  not  excessive.  AI- 

3  ^Cr°Pr0"eSSOr  SP6eds  are  not  hiJTh.  the 

‘  C  ide-word,  or  multiple  microprocessors 
can  increase  throughput.  ’ 

Microprocessors  can  be  used  in  any  quantity, 
ror  high-volume — more  than  25,000  units— a 
small  number  of  microprocessors  can  be  used 
tor  prototyping  or  pre-production  runs  before 
you  go  to  a  custom  LSI  design. 

A  listing  of  some  microprocessors  and  vendors 
appears  in  Table  1. 


What  are  the  key  features? 

The  importance  of  individual  microprocessor 
characteristics  depends  heavily  on  the  applica¬ 
tion.  Here  is  a  checklist  of  key  features  to  con¬ 
sider  before  making  a  selection. 


fable  1.  Some  microprocessors  announced  and  expected 
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4  bit 

Structured 
chips,  cards, 

. _ systems 

4  bit 

Building  block 
chips 

8  bit 

Chips,  cards, 
systems 

12  bit 

Chips 

16  bit 

Cards 

Custom  Chips 

’Sfilssr^ 

?2 sss5rpu,ing 

CBC4MP- 

.  na.Mcs'i0;  PPS  <I 

'faheh  irt*  oellec  4 

jSEJ PPS  25 

asrtsr 

*  National 
Semiconductor 
RALU,  CROM 
Monolithic 
Memories 
bipolar 

LSI  controller 
6701 

*  Intel  8008, 

MCS-8,  Intellec  8, 
8080 

•National 
Semiconductor 
IMP-8C,  IMP-8P 
Signetics  PIP 
Motorola  M6800 

RCA  COSMAC 

DEC  MPS,  PDP-8A 
Pro- Log  MPS- 803, 

M  PS-805 

Rockwell  PPS-8 
General  Automation 
(Rockwell  circuits) 
LSI  12/16 

Toshiba 

LCS-12 

Intersil  CMOS 
LSI  PDP  8-A 

•National 
Semiconductor 
IMP-16C, 
IMP-16L, 
IMP-16P 
Computer 
Automation 
Naked  Mini 

LSI  1 

Raytheon  RP16 
(bipolar  LSI) 

American 
Microsystems 
(used  by 

Frigidaire) 

Western  Digital 
(used  by  DEC) 
Mostek 

Rockwell 
(used  by 

General 

Automation) 
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•  Word  length. 

■  Architecture. 

■  Speed. 

■  Programming  flexibility. 

■  Completeness.  (How  many  additional  cir¬ 
cuits  are  needed  to  make  it  work?) 

■  Available  design  aids  (both  hardware  and 
software). 

Word  length  should  be  the  first  feature  to 
consider  (Table  2).  The  determining  require¬ 
ments  are  analog  resolution,  computational  ac¬ 
curacy,  character  length  and  width  of  parallel 
digital  inputs  or  outputs.  Microprocessors  are 
structured  for  fixed  word  lengths  or  for  modular 
expansion  by  a  parallel  combination  of  building- 
block  chips.  In  the  latter  category,  National 
Semiconductor  and  Monolithic  Memories  have 
4-bit  “slices”  of  a  CPU,  or  central  processing 
unit.  In  some  microprocessors  the  word  lengths 
for  addresses  exceed  those  for  instructions — for 
example.  General  Automation’s  LSI  12/26,  In¬ 
tersil’s  LSI  POP  8-A  and  Rockwell’s  PPS-4.  A 
large  address  word  eliminates  the  need  to  ma¬ 
nipulate  smaller — 1  and  8-bit — data  registers  to 
obtain  12-to- 16-bit  addresses.  Higher-speed  par¬ 
allel.  rather  than  time-multiplexed  serial,  ad¬ 
dressing  is  a  resulting  benefit.  In  general,  longer 
word  lengths  for  either  addresses  or  instructions 
provide  higher  system  throughput  and  more 
powerful  memory  addressing,  while  shorter  word 
lengths  require  somewhat  less  hardware  and 
smaller  memories.1 

Architectural  features  include  general-purpose 
registers,  stacks,  interrupts,  interface  structure 
and  choice  of  memories.  General-purpose  regis¬ 
ters  are  used  for  addressing,  indexing,  status 
and  as  multiple  accumulators.  They  simplify 
programming  and  conserve  main  memory  by 
eliminating  memory  buffering  of  data.  Multiple 
accumulators  are  especially  important  for  ROM 
programs  that  have  no  writable  memory. 

Stacks  can  be  used  for  nesting  subroutines  and 
interrupts  and  for  temporary  storage  of  data 
when  programs  reside  in  ROMs.  Stacks  consist 
of  read  write  (RAM)  memory  locations  main¬ 
tained  by  software — called  a  pointer  stack — or 
by  registers  built  into  the  processor  chip — called 
a  hardware  stack.  The  pointer  stack — found  in 
the  Intel  8080 — offers  size  restricted  only  by  the 
externa]  RAM,  but  it  must  be  maintained  by 
software.  The  hardware  stack — found  in  Na¬ 
tional  Semiconductor's  IMP.  Rockwell’s  PPS-4, 
and  Signetica’  PIP— is  faster,  but  its  size  is 
limited.  An  additional  advantage  of  the  hard¬ 
ware  stack  is  that  RAM  is  not  required. 

For  applications  where  asynchronous  or  un¬ 
predictable  events  occur,  an  interrupt  capability 
is  valuable.  Throughput  increases,  since  the 
processor  can  perform  useful  work  concurrent 
with  I  0  (input  output)  operations.  The  major 


Microprocessors: 

Some  ABC’s 

All  microprocessors  use  large  scale  itilegr hM 
circuit  technology.  Silicon  gate,  p  channel  M<» 
in  the  most  common ly  used  pr<*'<*  ■  Mul  nmu , 
facturerw  also  employ  n  channel  MO H,  siliror, 
on-sapphire  MOS  and  bipolai  pnn  <  •  f.,r  it, 

creased  speed.  And  they  me  complementary 
MOS  for  lowered  power  dissipation 

Program  maid  I  ity  that  flexible  feature  mil 
found  iri  random-logic  designs  can  be  obtnlm-/t 
on  one  of  two  levels.  A  very  detailed  level  of 
control  is  provided  at  the  miero-lrmtnictlon  level 
These  micro-instructions  may  be  mmi  to  obtain 
a  rruicro,  or  machine  language,  instruction  <1, 

which  is  then  used  to  write  control  program*  for 
the  microprocessor.  New  machine  language  in 
structions  may  be  defined  by  coding  new  micro 
routines.  In  this  way  an  instruction  set  can  is 
tailored  to  an  application. 

Control  programs  can  also  be  written  in  micro 
code.  This  provides  increased  execution  («“l 
and  more  detailed  control  at  the  expense  of  more 
difficult  programming.  Microprocessors  tha'  «r< 
not  m ic rop rog ram mable  contain  fixed,  general 
purpose  instruction  sets,  which  are  often  ado 
quate  for  most  applications. 


characteristics  of  this  capability  include  i'iier 
rupt  latency  (time  to  recognize  the  interrupf 
and  branch  to  the  service  routine),  M’Htx.n  •• 
(time  to  identify  the  interrupted  device  and 
gin  execution  of  the  device  service  code)  n<! 
software  overhead  (to  get  to  the  service  routin' 
and  return  to  the  main  program).  Single  u,M'' 
multilevel  and  vectored  interrupts  oiler  vario"" 
s(>eed- hard  ware  tradeoffs.  <’ascticl«d  Interrupt 
capability  (interrupting  an  interrupt)  Is 
tial  if  slow  and  fast  devices  are  to  be  nil >r 
a  system.  Interrupt  enable  flags  are  used  *" 
mask  or  unmask  individual  levels. 

In  a  single-line  interrupt  system,  all  device 
interrupt  requests  are  OKed  together  to  f“r"1 
mu*  request  line.  The  prtufram  must  identify 
device  interrupting  and  resolve  priority  Th|!l 
may  be  done  by  issuance  of  ti  device  select  !dni“H 
order,  in  which  all  devices  report  their  Interrupt 
status  on  an  assigned  bit  of  the  I  O  bus,  Multip1' 
sense  (multilevel)  lines  are  sometimes  provide1 
for  this  function.  These  lines  are  interrogated  W 
individual  device-select.  status  orders,  A  vector'** 
interrupt  offers  very  fast  response  by  dire**1* 
branching  to  a  memory  ((Nation  thai  correspond * 
t<>  a  ■qtecific  interrupt.  Request  acknowledge  s'1'1 
interrupt  identiflrnt ion  us«  external  hardwsM’' 
thus  alleviating  software  overhead  and  hicf"** 
mg  -ifHMsi 

<  onsider  the  latency  and  re8ftoit.se  times  of 
•  ional  Semiconductor’*  IMF  IfiC  single  line  *"'• 
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Typical 

applications 


Key 

characteristics 


4 -bit 

Arithmetic  or  simple 
control  functions 


BCD  display  control 
or  calculation 
Electronic  cash 
registers 
Business  and 
accounting  systems 
Credit  card  verification 
Intelligent  instruments 
Appliances 
Game  machines 


Controller  or 
arithmetic  processor 
Simplified  I/O 
BCD  arithmetic 
instructions 
Address  formation 
capability 
Small  parts  count 
for  minimum  systems 
Low  cost  and 
easy  to  use 


8-bit 

Controller 

Intelligent  terminals 
and  instruments 
Data  concentrators 
or  front-ends 
(communications 
pre-processor) 
On-board  computer 
(automobile) 
Process,  numeric 
and  machine  control 
Text  editing 
typewriters 
T  raffic  control 
Education — 
computer 
science  courses 
or  computer  design 
projects 

Medical  electronics 

Measurement 

systems 


for  Desiyners 

depend  on  word  length 
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16-bit 

General  Purpose 


Data  acquisition 
systems — a/df  d/a 
processing 
Process  monitoring 
and  alarm 
Supervisory  control 
— gas,  power,  water 
distribution 
Navigational 
systems 
Automatic  test 
systems 
(particularly 
in-house  LSI  testing 
by  semiconductor 
manufacturers) 
Word  processing 
systems 

Peripheral  control 


20,  24,  32-bit 
Special  purpose 


Digital  signal 
processing — FFT, 
auto  correlation 
Digital  filtering 
Interfaces  to  larger 
computers  (wider 
word  length) 


Flexible  I/O 

Higher  throughput 
and/or  speed 
requirements 

Hardware  to  reduce  software  overhead 

Modular  LSI 

and  simplify  I/O 

building  blocks 

Multiple  addressing  modes 

Multiprocessor 

Interrupt  feature 

configurations 

Speed 

Special  math 

instructions  or 
routines 

v«U>red  interrupts  (Table  3).  The  total  time  to 
M-t  w,  the  service  routine  for  the  device  can  be 
hij/h  as  34.85  /is  for  single-line  interrupts,  but 
^°r  vec^°ref^  interrupts. 

••  choice  of  memories  is  important  because 
.  1  rri,rnf>ry  section  often  represents  a  major 
;;  lon  hardware  cost.  Read  write  memories 
j1*.  <  "mmonly  used  for  variable  data  storage  and 
ht»*nt>rfp-,arri  a*ora£e  during  software  develop- 
•I'ii't,.  *  *eU- programmable  ROMs  have  become 
inter  ”<>!’Ular  ^or  Pr°tfram  storage  in  small  and 
Prot«?W  *ale‘vo*ume  systems  and  for  high- volume 
by  1  ype.  sterns.  MOS  pROMs  may  be  erased 
hght  and  then  reprogrammed.  For 
be  ’  memory  modular  blocks  should 

ittirn*  th  mem<>ry -address  bus  width  deter- 
huiu^.r  "  bmit  of  expansion  (maximum 

micros  addressable  locations).  Available 
Ham  ,  cards  include  ROM.  pROM  and 

«*r  nior*es  and  eliminate  the  need  to  design 
Memory  system  for  limited  storage 

f*>f  !,ihn!|'  rraCe  slriK’lu,*e  should  be  easy  to  use 
*hai,  IT’  applications  (parallel  or 

^ernory  '  karate  busses  for  data,  addresses, 

^^t  ;mr>an'  f**r>Pheral  input  and  output  are 
•‘W'opriat*  in  ,h|a  oase 


While  the  type  of  control  depends  on  the  proc¬ 
essor,  higher  throughput  results  from  the  use  of 
a  direct-memory-access  (DMA)  bus.  In  this  ar¬ 
rangement.  a  peripheral  device  communicates  di¬ 
rectly  with  memory  without  disturbing  the  CPU. 
Interfacing  is  more  complex  because  request  and 
acknowledge  signals  must  be  exchanged  between 
the  device  and  an  autonomous  bus  controller. 
When  a  single  bus  is  used,  data  and  addresses 
must  be  time-multiplexed,  and  latches  must  be 
provided  to  hold  the  address  stable  while  memory 

or  a  peripheral  are  accessed. 

Provision  for  handshake  1  0  control  allows 
convenient  interfacing  with  peripherals  of  vary¬ 
ing  response  time.  Control  flags  and  jump  condi¬ 
gn  are  useful  to  reduce  hardware  decod- 

tag  3  software  overhead  If  mu.tipe 

ihree  state  or  open-collector  TTL  logic  is  required 
three-stave  o  f  microprocessor  1  0  cir- 

cnitry  ^should '  directly  interface  with  these 

signals. 


How  do  you  measure  speed’ 


ow  do  you  n—  instruction 

CK«o  tint-  «••*» “"^uTbertt.  and  tn.ermp. 


firm*  to 
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response  time  have  been  given  to  measure  speed. 
These  numbers  are  rather  meaningless,  for  they 
do  not  measure  the  power  of  the  instruction  set. 
Benchmark  programs  for  a  specific  task  should 
be  coded  and  the  execution  times  compared  to 
determine  which  microprocessor  meets  the  speed 
requirements. 

The  degree  of  programming  flexibility  can  be 
determined  from  an  examination  of  the  instruc¬ 
tion  set.  Multiple  addressing  modes  conserve 
main  memory,  simplify  programming  and  in¬ 
crease  speed  through  single-word  memory-refer¬ 
ence  instructions.  For  programs  stored  in  ROM 
or  pROM,  indexing  or  pointer  addressing  are  the 
only  means  to  access  data  tables  in  program 
loops.  Other  useful  capabilities  include  bit  and 
byte  manipulation,  multiply  and  divide,  double¬ 
precision  arithmetic,  normalize  and  I/O  control 
instructions. 

Custom  instructions  through  microprogram¬ 
ming  can  upgrade  performance  by  optimizing  the 
microprocessor  architecture.  In  some  cases  other 
processors,  including  minicomputers,  may  be 
emulated  with  the  microprogram  control  tech¬ 
nique,  thereby  enabling  software  built  for  a 
larger  machine  to  run  on  a  microprogrammed 
microprocessor. 

The  number  of  additional  IC  packages  required 
provides  an  indication  of  the  completeness  of  the 
microprocessor  set.  For  example,  the  Intel  8080, 
a  one-chip  microprocessor,  requires  six  logic  cir¬ 
cuits.  nine  memory  packages  and  two  clocks  for  a 
minimum  system.  To  drive  more  than  one  TTL 
load,  address  and  data  buffering  must  be  sup¬ 
plied.*  In  many  cases  a  more  powerful  multichip 
processor  may  be  used  with  no  increase  in  total 
component  count. 

Functions  generally  requiring  additional  com¬ 
ponents  include  clock  generation  and  timing, 
memory  and  I  O  control,  data  and  address  buf¬ 
fering,  multiplexer  inputs,  interrupt  control,  and 
sometimes  memory  refresh  control  (for  dynamic 
MOS  RAMs)  and  additional  power-supply 
voltages. 

What  support  do  you  need? 

In  addition  to  the  microprocessor  itself,  sup¬ 
port  should  be  provided  by  the  manufacturer  to 
simplify  the  application  of  the  processor  and  the 
development  and  prototyping  of  the  end  product. 
This  category  includes  documented  manuals,  ap¬ 
plication  literature,  area  field  specialists,  proto¬ 
typing  systems — such  as  National  Semiconduc¬ 
tor's  IMP  8P  and  16P,  Intel’s  Intellec  4  and  8 
and  Applied  Computing  Technology’s  PPS-4MP 
(for  Rockwell  PPS-4).  Also  generally  useful  are 
program-development  software  and  the  ability 
to  fashion  the  microprocessor  into  different 
configurations. 


Table  3.  Latency  and  response  times- 
Keys  to  speed 


* Latency 
time — p.  s 

Response 
time — g,s 

Total 
interrupt 
overhead 
time — 

Single-line 

interrupt 

5.95 

0-28.9 
(1  to  16 
devices) 

5-95-3785  ’ 

Vectored 

interrupt 

4.55 

0  (inde¬ 
pendent  of 
number  of 
devices) 

4.55 

•  Plus  time  to  complete  current  instruction 


Prototyping  systems  are  essential  to  develop 
and  debug  hardware,  firmware  and  software  for 
the  end  product.  The  ingredients  of  such  a  proto¬ 
typing  system  include  expanded  memory  capa¬ 
bility,  a  teletypewriter  or  card-reader  interface, 
power  supply,  chassis,  control  panel  and  support 
software  (assemblers,  compilers,  loaders,  debug 
and  edit  packages).  A  pROM  programmer  pro¬ 
vides  very  fast  turnaround  time  when  control 
programs  are  modified. 

With  a  processor  card,  you  get  an  assembled 
and  tested  microprocessor  system,  complete  with 
memory.  Cards  are  often  more  economical  than 
chips  for  low-volume  applications.  They  may  be 
used  for  development  of  early  production  models 
for  high-volume  applications,  before  they  are  re¬ 
placed  by  an  in-house  design. 

Of  course,  chips  represent  the  ultimate  in  low 
cost  and  small  size,  but  the  designer  must  inter¬ 
lace  them  with  additional  components  and  per¬ 
form  the  necessary  tests.  The  components  select¬ 
ed  must  meet  exact  speed,  power  and  functional 
specifications. 

Manufacturers  often  point  to  such  features  as 
the  number  of  instructions  and  registers,  memo¬ 
ry  bandwidth  and  speed  to  measure  computing 
power.  These  criteria  are  often  misleading  be¬ 
cause  they  are  defined  differently  by  various 
manufacturers.  The  only  real  way  to  determine 
the  effectiveness  of  a  microprocessor  is  to  code 
benchmark  programs  or  experiment  with  repre¬ 
sentative  logic  designs. 
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Analysis  of  Microprocessor 

Instruction  Sets 

c.  DENNIS  WEISS,  PH.D. 

Bell  Telephone  Laboratories,  Holmdel 


The  use  of  microprocessors,  or  MOS  LSI 
“computers-on-a-chip,”  requires  programming 
skills.  And  that  may  seem  to  be  a  disadvantage. 
Hardware  designers  once  concerned  with  such 
matters  as  latch  selection,  clock  phases  and  prop¬ 
agation  delay  must  now  consider  less  familiar 
software-oriented  factors  like  subroutine  nest¬ 
ing,  indirect  addressing  and  computational  al¬ 
gorithms. 

However,  a  review  of  the  basic  vocabulary  of 
microcomputer  programming  can  help  start  you 
on  the  way  to  a  microprocessor  design.  More¬ 
over  a  review  of  the  differing  microprocessor 
instruction  sets  can  establish  a  particular  micro¬ 
processor’s  capabilities. 

from  a  programmer’s  point  of  view,  micro¬ 
processor  instructions  break  down  conveniently 
•nto  the  following: 

■  Data  movement. 

■  Data  manipulation. 

■  Decision  and  control. 

■  Diput.  output. 

Data  can  be  moved  about  between  a  variety 
®  internal  sources  and  destinations.  The  pri- 

ah  places  are  shown  in  Fig.  1.  The  most  com- 
Ram  °Ca^ons  are  those  in  memory — usually  a 
01  RAM  bank — since  a  variety  of  address- 

^  modes  can  be  used  to  specify  location, 
to  |j  C  '-ective  address  of  a  memory  location 
by  |.read  or  written  can  be  given  immediately 
2)  Jj  s  *n  the  instruction  being  executed  (Fig. 
data  U  Ulrrent  microprocessors  the  immediate 
medi-i?* 1'1'-!  12  or  even  16  bits  long.  Im- 

(or  di '  data  m»y  be  interpreted  as  a  location 
(or  in.SI)  acement)  in  a  previously  selected  page 

The  a’lotD  of  memory. 

a  16-biteCh.riqUe  todextd  addressing  permits 
vidinjr  ,  .,ai  ,  ress  to  be  generated  without  pro- 
al|  j.  1®  hits  in  a  current  instruction.  Were 
**3ari|y  i S  ,e<lu*red,  the  instruction  would  nec- 
°btaine(i  *  .^Ultiworded-  The  effective  address  is 
data^aav"  en  the  instruction  adds  immediate 
ally  Cai.  V  kits — to  a  designated  register  usu- 

UGd  the  index  register. 


PROGRAM 

COUNTER 


PC 


1 - 

I 

i 


INSTRUCTION 

MEMORY 


INSTRUCTION 

REGISTER 


I  R 


WORKING  REG  I STERS 


ACCUMULATOR 


MEMORY 

ADDRESS 

REGISTER 


MAR 

IR  BITS 
RAM  BITS 


MAR 

flip-flops 


Lh-CH 


■ 

iBITS 


1.  Data  flow  among  the  major  storage  areas  is  shown 
by  broken  lines.  Bits  in  the  storage  locations  control 
the  flow. 

In  computers  the  index  register  may  contain 
fewer  bits  than  the  immediate  address.  Hence 
the  register  appears  to  be  a  displacement  with 
respect  to  the  immediate  address.  Though  the 
reverse  is  usually  true  with  microprocessors,  the 
same  view  can  be  taken,  since  we  usually  incre¬ 
ment  the  index  register  to  access  successive 
words  in  memory.  The  index  register  can  be 
thought  of  as  a  base  register  plus  variable  dis¬ 
placement. 

An  effective  address  may  also  be  formed  by 
indirection.  In  this  case,  a  memory  address  is 
first  computed  by  use  of  immediate  data  or  by 
indexed  addressing.  Call  this  a  direct  address. 
Then,  its  contents  are  taken  as  the  address  of 
the  actual  memory  location  to  be  read  or  writ¬ 
ten.  This  is  indirect  addressing,  a  powerful  tech¬ 
nique  that  allows  any  memory  location  to  serve 
as  a  memory  address  register;  its  content  can 
be  used  to  point  to  another  possibly  arbitrary 
word  in  memory. 


Use  addressing  modes  to  advantage 

An  example  follows  on  the  use  of  various  ad¬ 
dressing  modes  (Fig.  3).  Assume  we  write  a 
routine  to  manipulate  data  stored  in  memory 
locations  A„  A.. . . A„.  All  references  to  these 
locations  are  by  immediate  addressing. 


s$ 
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H«*"  Jo.  the ' cum**  in- 

\  imnnniiate  data.  fci 

s t ruction  word. 

o  ,•_  tho  contents  of  the  memory-address  reg- 

2  ister.  vvhich  can  be  manipulated  separateb 

a  Add  together  immediate  data  and  a  base,  or 
index,  register.  This  technique  is  called  in- 
dexed  addressing. 

\  V<o  tho  contents  of  a  memory  location  which 
itself  is  computed  using  all  of  the  above .  Th  J 
technique  is  indirect  addressing.  An  example 
follows: 


INSTRUCTION  word 
OOfflO _ 


RAM 


REGISTER 
OlOOO _ 


OOOOO 


-OIOIO 


1-  l 


OIOIO 

i 

l 


•r 

mot; 


1 1 101 


abode 
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We  can  apply  the  routine  to  different  bioc^ 
of  data,  either  by  successively  loading  each  block 
in  locations  A».  •  *A«  or  b\  modifying  the 
struct  ions  in  the  routine  to  refer  to  new  memory 
locations.  Either  alternative  can  lead  to  rr.eff,' 
cient  programming,  while  the  latter  alternative 
is.  in  fact,  impossible  if  the  program  is  stored 
in  a  ROM. 

Now  consider  the  case  where  the  original  rou¬ 
tine  used  indirect  addressing,  so  that  A  ....a, 
contain  addressee-  of  data.  A  simple  change  of 
the  contents  of  A,...A«  allows  the  routine  to 
operate  on  a  new  block  of  data  located  in  a  dif¬ 
ferent  block  of  memory.  Of  course,  indexed  ad¬ 
dressing  can  be  used  to  achieve  the  same  flexi¬ 
bility. 

If  the  new  data  locations  have  the  same  rela¬ 
tive  displacements  as  the  original  block  of  data, 
a  reinitialization  of  the  index  register  allows 
the  routine  to  access  new  data.  Indirect  address¬ 
ing  is  not  even  required  in  this  case.  But  when 
the  relative  displacements  are  not  the  same,  in¬ 
direct  addressing  becomes  more  useful. 


The  final  address  is  11101  and  the  data  finallv 
accessed  are  abode. 


Accumulator — the  essential  register 


2.  An  effective  RAM  address  can  be  formed  from  im¬ 
mediate  data,  address  register,  index  register  or  a  com¬ 
bination  of  techniques. 


RAM 


A  1 

DATA  1 

A  2 

1 

i 

DATA  2 

i 

> 

i 

i 

AKD 

i 

t 

DATA  10 

A  II 

i 

i 

DATA  II 
i 

t 

l 

1 

i 

1 

I 

I 

i 

• 

A2D 

DATA  20 

Computation  required: 

G,  =  F  ( Data  1 . Data  10) 

G:  =  F(  Data  11 . Data  20) 


■  In  the  program  to  compute  G:  and  G;,  data 
must  be  referred  to  bv  addresses. 

.  "If  A . A*  appear  as  immediate  addresses 

in  the  program  to  compute  G„  this  program  will 
not  compute  G*. 


■  If  the  program  uses  a  memory-address  recr- 
ister  to  point  to  Data,  the  register  can  be  ini- 
tialized  either  to  A,  or  A,,  The  program  then 
increments  the  register  to  compute  G,  or  G-. 


■  It  indexed  addressing  is  available,  then  a 
program  which  computes  G,  will  do  G.  if  we  first 
add  10  to  the  appropriate  index  register 


*  Indirect  addressing  would  provide  the 
flexibility  in  this  kind  of  problem. 


most 


3. 

of 


An  example  of  data  movement  illustrates  the  efl 
different  addressing  modes. 


Microprocessors  generally  have  several  work¬ 
ing  registers.  However  only  a  single  register, 
usually  called  an  accumulator,  is  essential,  so 
long  as  it  has  access  to  read/write  memory  and 
there  are  instructions  permitting  immediate  ad¬ 
dressing  and  data  manipulation  between  the  ac¬ 
cumulator  and  a  memory  word.  With  indirect 
addressing,  even  the  function  of  index  registers 
can  be  accomplished  with  memory. 

The  major  significance  of  working  registers 
lies  in  access  time  and  the  bit  efficiency  of  in¬ 
struction  words.  It  takes  far  fewer  bits  to  speci¬ 
fy  one  of  several  previously  defined  working 
registers  than  a  memory  location.  Whether  these 
registers  are  in  an  external  memory  or  in  th® 
CPU  is  irrelevant,  so  long  as  they  can  be  ref¬ 
erenced  efficiently.  But  a  faster  execution  time 
can  be  obtained  with  registers  that  are  separate 
from  memory.  They  can  be  accessed  for  read 
and  write  operations  without  users  incurring 
excessive  memory-cycle  delays. 

The  quantity  of  registers  may  not  be  as 
nificant  as  their  quality.  For  example,  can  ear 
register  be  incremented  and  tested  for  zero,  m 
is  only  the  accumulator  so  equipped?  If  eaC 
can,  then  each  register  can  be  used  for  counting 
and  program  loop  control.  , 

Which  registers  can  you  use  for  indexed 
dressing,  if  any?  Can  all  registers  be  loaded  ' 
rectly  from  memory,  or  can  they  be  loaded  °n’ 
from  the  accumulator?  Which  registers  can  ^ 
used  as  a  source  or  destination  for  arithnic^11 
logic  operations? 

It  s  difficult  to  say  how  many  registers  ^ 
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STACK 

WORD  0  CONTENT  0 
CONTENT  | 
CONTENT  2 


WORD 


CONTENT  7 


Current 
SP  v*lue 


Operation 


2 

7 

2 

0 


PUSH 

PUSH 

POP 

POP 


Next 
SP  value 

3 

0 

1 

7 


TO  WRITE  data,  or  PUSH  onto  Stack,  store  in 
'  location  addressed  by  SP.  Then  increment  SP. 


■  TO  READ  data,  or  POP  from  Stack,  decrement 
SP.  Then  read  data  from  location  addressed  by 


SP- 


t  last-in,  first-out  stacks  are  a  common  feature  of  mi¬ 
croprocessors.  The  order  of  instructions  contains  address 
■nformation  within  the  stack. 


DATA  FORMATS 

width:  4.  8.  16  bits,  25  digits 
encoding:  binary,  BCD 


ARITHMETIC  FUNCTIONS 


add" 


with  or  without  carry  bit 
between  accumulator  and  register,  mem¬ 
ory  or  immediate  data 
multiple  precision  possible 
possibly  with  skip  if  carry  out  used 


subtract  -  not  always, 
multiply 


.  .  j  by  subroutine  or  special  purpose 
divide  hardware 


mcrement/decrement 


LOCK  FUNCTIONS 
complement 


rotate 


shift  jwith  or  without  extra  carry /link  bit 


AND 
OR 

LXrLcsiY'E-OR 

accurniJlator  (with  register,  memory 
5  0  r  'Mediate  data*  and  skip 

may  J  rma"'Pulation  instructions.  Missing  instructions 

'  formed  by  a  subroutine. 


needed  in 

plieatj()n  or  even  in  any  particular  ap- 

r*nt  mi<  r<an  num^>er  varies  widely  in  cur- 
r*gi*ters  t>Lir[KVssor8-  Some  have  stack-oriented 
f‘NW»ut  U  h  tiin-  °n^  ^  accease<^  'n  a  last-in, 
a  ^Ooun  ij  'S,  4>-  This  orientation  is  not 

*  banned  1  a|*on»  since  algorithms  can  often 
>  of  ^  st  u  required  data  always  are  on 
.  •  Stacked  registers  have  the  ad- 
nddre,,^  more  numerous  than  individ- 
r«gisters.  Also,  instruction  bits 


are  not  required  to  address  them.  A  stack  in¬ 
struction  can  refer  to  only  one  register,  the  top 
register  of  the  stack. 

Memory-address  registers  may  be  the  ordinary' 
working  registers,  or  specially  designated  ones, 
such  as  the  program  counter.  A  key  register  in 
any  computer,  this  counter  points  to  the  next 
location  in  memory  for  an  instruction-fetch  op¬ 
eration.  In  addition  it’s  common  to  have  an  in¬ 
dependently  controlled  register  that  points  to  a 
read  write  memory  location.  Instructions  to  load 
and  store  the  program  counter  are  extremely  im¬ 
portant,  since  they  permit  modification  of  the 
instruction  sequence.  A  special  advantage  re¬ 
sults  when  the  counter  can  be  loaded  or  modi¬ 
fied  by  a  value  in  the  accumulator  or  other 
working  register.  This  simplifies  the  control  of 
a  program’s  sequence  through  computed  or  ex¬ 
ternal  data.  Otherwise  we  wrould  have  to  rely 
solely  on  test-and-branch,  subroutine  call  or 
fixed  jump  instructions  in  program  store — 
where  the  instructions  may  not  be  modifiable. 

For  example,  suppose  a  microcomputer  sys¬ 
tem  must  perform  certain  functions  that  are 
selected  by  an  input  data  word,  interpreted  as 
a  command  for  some  service.  How  do  we  trans¬ 
late  this  input-bit  configuration  into  the  desired 
computer  response?  We  want  to  go  to  a  certain 
program  location  associated  with  that  command. 
If  we  can  load  the  program  counter  with  data, 
the  input  command  w’ord  can  be  encoded  direct¬ 
ly  as  an  instruction  address.  The  loading  of  a 
portion  of  the  counter  causes  sequencing  to  be¬ 
gin  immediately  at  the  desired  program  location. 

Alternatively,  we  can  use  the  input  data  as  an 
index  to  enter  a  table  containing  program  loca¬ 
tion  addresses  and  load  the  appropriate  address 
into  the  counter  to  cause  the  desired  jump.  If 
program  instructions  are  stored  in  w  i  itable 
memory,  we  can  modify  the  address  information 
in  a  jump  instruction  before  executing  it,  ac¬ 
cording  to  the  requirements  of  the  input  data. 

But  if  the  program  is  in  read-only  memory, 
and  the  program  counter  cannot  be  loaded  with 
data,  we  must  resort  to  something  as  complex 
as  the  execution  of  a  possibly  lengthy  decision 
routine.  This  routine  consists  of  a  sequence  of 
stored  instructions  that  contain  all  possible  de¬ 
sired  jumps.  Repeated  testing  of  the  input  data 
sequences  through  the  decision  routine  in  such 
a  way  as  to  arrive  at  the  desired  jump  instruc¬ 


tion. 


One  of  the  most  sophisticated  addressing  modes 
is  found  In  the  National  IMP-1*.  It 
ate  and  indexed  addressing.  J|*- 

to  the  program  counter  or  one  of  two.  “'‘“direct 
£ters.  ’n  addition  the 

addressing,  either  iMth  or  addrM5.  The 

dexing.  to  comply  lh®  raM  ca„  „lso 

256  lower  order  addresses  in  tn 
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be  specified  with  use  of  an  8-bit  field  in  the  cur¬ 
rent  instruction  word. 

The  simplest  data-movement  instructions  are 
found  in  4-bit  microprocessors,  such  as  the 
Rockwell  Microelectronics  PPS  and  Intel  4004. 
These,  as  well  as  the  8-bit  Intel  8008  machine, 
also  require  separate  instructions  to  load  or  ma¬ 
nipulate  a  memory-address  register,  through 
which  all  memory  references  are  made.  The  8008 
contains  a  single  16-bit  memory  address  regis¬ 
ter,  with  14  bits  actually  used.  The  Intel  8080 
permits  six  8-bit  working  registers  to  be  used 
in  pairs  to  provide  three  16-bit  memory  address 
registers.  In  addition  a  16-bit  address  for  mem¬ 
ory  reference  can  be  specified  by  two  immediate 
bytes  in  certain  load  and  store  instructions. 

The  Fairchild  PPS-25  has  a  unique  instruc¬ 
tion  field  for  memory  references.  A  mask-pro¬ 
grammed  repertory  of  six  fields  permits  assign¬ 
ment  of  one  of  six  predefined  fields  in  each 
25-digit  (100-bit  serial)  register.  Only  the  se¬ 
lected  data  field  is  affected  by  the  data  move¬ 
ment  or  arithmetic  instruction.  A  separate  pro¬ 
gram-controlled  pointer  permits  access  to  any 
single-digit  (4-bit)  field. 


Data  manipulation  capabilities 

Generally  the  arithmetic  capabilities  of  micro¬ 
processors  are  limited  to  addition  and  subtrac¬ 
tion,  and  usually  in  a  binary  format  (Fig.  5). 
The  Fairchild  PPS-25,  however,  features  decimal 
arithmetic  performed  on  4-bit  BCD-encoded  dig¬ 
it  fields.  And  several  other  machines  include  spe¬ 
cial  instructions  for  handling  BCD  fields.  Apart 
from  the  PPS-25,  data  words  vary  from  4  to  16 
bits,  so  that  multiple-word  arithmetic  is  often 
required.  Care  must  be  taken  that  carry  bits  are 
added  into  the  successively  more  significant 
fields — a  capability  that  is  always  available. 

Multiply  and  divide  functions  must  be  per¬ 
formed  by  subroutines  in  most  systems.  Or  they 
can  be  performed  in  microcode  for  microcom¬ 
puters  like  the  National  Semiconductor  GPC./P, 
which  are  microprogrammable. 

Microprocessors,  especially  those  designed  pri¬ 
marily  for  calculator  applications,  may  not  al¬ 
low  logic  operations.  For  example,  the  Intel 
MCS^l  and  Fairchild  PPS-25  don’t  have  opera¬ 
tions  like  AND,  OR,  EXCLUSIVE-OR.  How¬ 
ever,  they  do  permit  complement,  shift  and  ro¬ 
tate  operations.  The  usual  rotate  or  shift  is  by 
1,  but  the  National  IMP- 16  features  rotation  by 
an  arbitrary  amount  in  a  single  16-bit  instruc¬ 
tion  containing  immediate  data.  The  execution 
time  is,  of  course,  a  function  of  the  number  of 
shifts  called  out.  However,  the  instruction  bit 
efficiency  is  high. 

When  shift  and  logic  operations  are  omitted, 
they  can  usually  be  accomplished  by  a  sequence 


JUMP 

CALL 

RETURN 


-can  be  conditional  or  unconditional 


[-always  conditional 

JSKll 


JUMP 

Location  Instruction 
k:  i 

k+1:  i+1 

*k+2:  i  +  2  =  JUMP  to  location  m 

i  i 

i  i 

i  i 

m:  j 

*At  this  point,  the  PC  was  loaded  with  m 

rather  than  being  incremented  to  k  +  3. 

CALL 

Same  as  JUMP  except  that  PC  content  is 
saved  so  we  can  return  to  instruction  at  k+3. 
A  RETURN  instruction  performs  the  restora¬ 
tion. 

A  user  can  select  either  an  on-page  (short) 
or  arbitrary  (long)  JUMP  address  in  the  Rock¬ 
well  PPS.  Intel  4004  and  Fairchild  PPS-25. 


6.  Some  instructions  change  the  order  in  which  other 
instructions  are  executed. 

of  other  instructions  that  are  available.  For  ex¬ 
ample,  “shift  left  by  1”  is  equivalent  to  the  ad¬ 
dition  of  a  binary  number  to  itself.  As  long  as  an 
individual  register  bit  can  be  tested — say,  by 
rotation  into  a  carry  flip-flop — all  logic  opera¬ 
tions  can  also  be  performed  whether  or  not  in¬ 
dividual  instructions  for  them  exist.  However, 
considerable  additional  time  will  be  spent. 

Increment  and/or  decrement — critical  arith¬ 
metic  functions — can  be  accomplished  along 
with  test-and-skip  functions.  Such  multiple-func¬ 
tion  instructions  are  particularly  useful  in  con¬ 
trolling  passes  through  program  loops.  For  ex¬ 
ample,  the  Rockwell  PPS  has  a  1-byte  instruction 
that  adds  a  4-bit  immediate  field — say,  the  num¬ 
ber  1 — to  the  accumulator.  If  a  carryout  is  ?en' 
erated  (when  the  register  reaches  its  maximum 
value),  the  next  instruction  word  is  skipped, 
the  carry  flip-flop  itself  is  not  disturbed.  Th1’ 
National  IMP-16  has  an  analogous  1-word  (1 
bit)  instruction.  , 

A  similarly  powerful  instruction  in  the  I® 
4004  permits  incrementing  any  one  of  16  4-  | 
registers.  If  the  result  is  zero,  the  next  instrj® 
tion  in  sequence  is  taken;  if  nonzero,  a  Jll,n^ 
occurs  to  an  immediate  location  on  the  sftI^ 
ROM  page  designated  by  the  second  byte  of  1  ^ 
current  instruction.  Again,  the  accumulator  * 
carry-  flip-flops  are  not  affected.  Here,  a  2-®.v 
instruction  is  used  that  provides  a  more  fl*®* 
jump  instead  of  a  skip.  , 

An  interesting  extension  of  the  increnw®' 


A 
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,  capability  occurs  in  the  National 
Bremen1  ‘emory  location  can  be  incremented 
IMP-16'  A  ^  with  skip  if  the  contents  become 
0r  d*reDieLiure  permits  efficient  use  of  mem- 
iero.  ThJs  as  counters  for  control  functions, 
ory  l0C,  ^processor’s  addressing  modes  specify 
Als0’J  five  address  of  the  memory  word  to  be 

lhC  !me^ted  or  decremented. 

Intel  8080  also  permits  a  single  memory 
The  to  be  incremented  or  decremented.  In- 
l0CatU 'flip-flops  are  affected,  so  a  conditional 
tern‘  instruction  can  be  used  later  to  test  the 

memory  content  for  zero. 

An  unusual  and  powerful  feature  of  the  deci¬ 
mal  arithmetic  in  the  Fairchild  PPS-25  is  the 
ability— through  mask-programmed  options — to 


INSTRUCTION  BLOCK  I  JNfTRUCTION  M 

CALL  BLOCK  2 
INSTRUCTION  1.3 

i 

I 

I 

l 

INSTRUCTION  BLOCK  2  INSTRUCTION  2  I 
INSTRUCTION  2  2 
CALL  BLOCK  3 
INSTRUCTION  2.3 
RETURN 


INSTRUCTION  BLOCK  3  INSTRUCTION  3.1 
INSTRUCTION  3  2 
RETURN 


7  CALLS  are  nested  to  a  depth  of  two  in  this  example. 

•lustration  shows  the  order  of  execution. 


specify  one  of  six  fields  over  which  any  arith- 
metic  function  is  to  operate.  The  words  are  or- 
Ionized  with  a  maximum  of  25  decimal  BCD  4- 
*  lelds.  Hence  part  of  a  register  can  be  treated 
amantissa  and  part  as  an  exponent.  Appro- 
fielV  ar'lbmet*c  can  be  performed  on  these 
would  r*nc*er  Pro£ram  selection.  Otherwise  we 
aenar-  fV6  t0  ™aslt  out  or  store  different  data 
be  si  a  e  y-  Individual  decimal  field  can  also 
whiok^ .  '  ; out  by  reference  to  a  pointer  register, 
ls  itself  under  program  control. 


*|Sl°n  and  control  capabilities 

°f  .sequ^.r^Ce'S’S0rs  use  the  common  convention 
less  direotld^  tllrou8h  instructions  in  order,  un- 
b’pe  of  ;n  ,t  ol;berwise  by  a  decision-and-control 
yalue  of  il  ' Uctlon-  The  instruction  changes  the 
^  ^'croDm!!  pro^ram  counter  (Fig.  6). 
BRANCHErT8  execute  JUMPS,  CALLS  or 
u  *  Program  counter  may  be 

lnstructi0n  7ndltl°nally  by  a  JUMP  or  CALL 
°u|c°me  of  a  *  c°oditionally,  depending  on  the 
tf.led  conditil  t^t.  These  instructions  are 

INCHES**1  JUMpS.  conditional  CALLS 
Thi  * 


or 


dlfference  betw¬ 


een  a  JUMP  or  BRANCH 


on  the  one  hand  and  a  CALL  on  the  other  (con¬ 
ditional  or  otherwise)  has  to  do  with  whether 
or  not  the  program  counter  is  saved.  In  a  CALL, 
the  program  counter  (or  counter  plus  1)  is 
saved.  Thus  the  counter  can  conveniently  be  re¬ 
stored  to  point  to  the  instruction  that  would 
have  followed  the  CALL  had  the  instruction 
stream  not  been  changed  by  the  CALL.  The  RE¬ 
TURN  instruction  restores  the  counter  to  the 
instruction  following  the  last  executed  CALL. 
RETURNS  can  be  conditional,  as  well.  If  the 
condition  is  not  satisfied,  the  counter  is  not  re¬ 
stored  but  is  simply  incremented  once  again.  It 
then  points  to  the  instruction  stored  after  the 
conditional  RETURN. 

A  further  distinction  can  be  made  as  to  the 
ability  to  nest  CALLS.  Such  nesting  is  illus¬ 
trated  in  Fig.  7,  where  a  series  of  CALLS  trans¬ 
fers  the  program  counter  to  a  sequence  of  in¬ 
struction  blocks.  By  an  execution  of  a  series  of 
RETURNS,  the  counter  eventually  returns  to  a 
location  in  the  original  block. 


CALLS  and  JUMPS  can  be  crucial 


The  use  of  conditional  CALLS  and  JUMPS 
is  absolutely  crucial  to  programming  (Fig.  8). 
Essentially  they  allow'  programs  to  respond  to 
inputs  rather  than  simply  to  deliver  the  same 
answers  to  the  same  programmed  questions.  A 
program  must  do  different  things,  depending  on 
the  condition  of  the  machine:  Has  a  carry  been 
generated?  What  is  the  current  computer  result? 
Is  the  number  zero?  (If  it  is.  don’t  divide  by  it.) 
Has  an  interrupt  or  new  command  been  issued? 


And  so  on. 

All  microprocessors  allow  such  conditions  as 
“carry  bit  set?”  and  “accumulator  =  0?”  to  de¬ 
termine  whether  or  not  a  JUMP,  CALL  or 
BRANCH  is  to  be  executed.  Some  permit  branch¬ 
ing  as  a  result  of  logic  levels  presented  on  di¬ 
rect  input  lines,  or  individual  bits  in  registers, 
or  program-set  flip-flops,  or  register  parity,  or 
a  stack-full  condition,  or  still  other  requirements. 
Again,  the  absence  of  one  condition  can  almost 
always  be  overcome  by  the  use  of  extra  pro¬ 
gram  steps.  In  a  common  situation,  JUMP  or 
CALL  occurs  if  a  condition  is  TRUE.  But  a 
symmetrical  instruction  in  which  the  FALSE 
condition  triggers  the  JUMP  or  CALL  does  not 
exist.  By  use  of  an  extra  unconditional  JLMr 
or  CALL,  of  course,  the  deficiency  can  be  over¬ 
come.  .  _ 

The  address  loaded  into  the  program  counter 

w-hen  an  unconditional  JUMP  or  CAL  *1  fff 
cuted — or  when  a  conditional  JIMP  or 
or  BRANCH  is  executed— may  be  specified  in  th 
same  variety  of  ways  in  which  memory  » 
dressed:  immediate  or  indexed  direct;  or  mdv 
rect,  through  a  memory  location  «  h 
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TYPES  OF  CONDITIONS  (JUMP,  CALL,  RETURN) 

True  or  False  on 

■  carry  FF 

■  zero  register  (usually  Accumulator) 

■  sign  (most  significant  bit)  of  register 

■  parity  of  register 

•  programmer  controlled  flip-flop 

■  test  input 

If  condition  fails,  do  next  instruction  in  sequence. 

3  WAY  BRANCH  CONDITIONS  (FAIRCHILD  PPS-25) 

example:  if  (A)  <  (R),  PC-  PC  +  4  bit  immediate 
data 

(A)  >  (R),  PC*- PC  +  another  4-bit 
field 

(A)  -  (R),  PC— PC  +  1 

SKIP  CONDITIONS 

■  if  (R)  n  M  -  0,  skip  1 

■  if  (R)  >  M,  skip  National  IMP-16 

■  if  (R)  M,  skip  ) 

■  if  Flip-Flop  -  1.  skip  ~\ 

■  if  R  (lower)  -  4-bit  immediate  Rockwell  PPS 

data,  skip  J 

COUNT  AND  JUMP/SKIP 

■  increment  R  and  if  */=  0,  do  short  JUMP 
(Intel  4004) 

■  increment  (decrement)  M  and  skip  if  zero 
(National  IMP-16) 

■  (A)— (A)  +  M  and  skip  if  carry  out  1 

■  (A)-  (A)  +  4  bit  immediate  field  Rockwell 

and  skip  if  carry  out  J  PPS 

NOTE:  (A)  -  contents  of  accumulator 
(R)  -  contents  of  register  R 
M  -  contents  of  memory  location 
currently  addressed. 

8.  A  summary  of  conditional  instructions  shows  the 
variations  possible  for  JUMP,  CALL,  RETURN,  BRANCH 
and  SKIP. 

specified  by  an  immediate  or  indexed  mode.  The 
obvious  reason  for  using  JUMPS  is  to  get  to  a 
new  section  of  the  program.  For  example,  all 
work  routines  in  some  systems  may  report  back 
to  a  main  executive  routine  by  an  unconditional 
JUMP. 

Unconditional  CALLS  allow  us  to  use  one  copy 
of  a  sequence  of  instructions,  a  subroutine,  and 
to  enter  it  from  many  different  routines.  For 
example,  a  multiply  subroutine  can  be  called 
whenever  required  in  any  instruction  sequence. 
With  a  CALL,  a  single  RETURN  as  the  last 
subroutine  instruction  causes  the  program  count¬ 
er  to  return  to  the  sequence  immediately  follow¬ 
ing  the  CALL.  A  nesting  facility  enables  the 
programmer  to  write  subroutines  that  them¬ 
selves  call  on  other  subroutines  to  perform  op¬ 
erations.  Thus  several  arithmetic  subroutines 
might  call  a  still  simpler  subroutine  that  shifts 
a  register  a  certain  number  of  places. 

The  Rockwell  PPS  microprocessor  allows  un¬ 
conditional  JUMPS  to  one  of  64  locations  on  the 
current  61-word  page.  The  locations  are  speci¬ 
fied  by  6  bits  of  data  in  the  12-bit  JUMP  in¬ 
struction.  Unconditional  long  JUMPS  provide 
an  immediate  12-bit  address  in  the  tvvo  succes¬ 
sive  words  of  the  instruction.  The  CALL  and 


RETURN  instructions  are  also  unconditional 

The  short  CALL  in  Rockwell's  PPS  is  an  ex 
ample  of  indexed  immediate  and  indexed  indj 
rect  program-counter  addressing.  The  instruc* 
tion  itself  specifies  an  immediate  partial  addre^ 
consisting  of  the  six  low-order  bits  of  an  ad* 
dress.  These  bits  are  indexed  by  a  fixed  page 
address,  called  page  60.  When  the  directly  ad. 
dressed  word  on  memory  page  60  is  read,  its 
8-bit  content  is  used  as  the  low-order  bits  of  the 
program  counter.  The  high-order  4  bits  of  the 
counter  are  automatically  set  to  1110.  Thus  the 
first  JUMP  is  made  to  an  address  given  indi¬ 
rectly  by  any  one  of  64  locations  on  page  60. 

The  final  JUMP  seeks  any  one  of  the  256  lo¬ 
cations  on  pages  56  through  59 — pages  with  6- 
bit  addresses  whose  high-order  4  bits  are  1110. 
When  the  CALL  is  executed,  the  current  pro¬ 
gram  counter  is  pushed,  or  placed  in  the  upper 
register  of  a  two-level  stack.  The  current  con¬ 
tents  of  the  top  stack  register  displaces  to  the 
second  stack  register,  whose  contents,  in  turn, 
are  lost.  Execution  of  the  next  RETURN  in¬ 
struction  pops  the  stack. 

All  conditional  instructions  in  the  Rockwell 
PPS  microcomputer  are  of  the  form  “SKIP  next 
instruction  if  condition  holds.”  The  skipped  in¬ 
struction  could  be  chosen  to  be  an  unconditional 
CALL  or  JUMP,  thereby  giving  the  equivalent 
of  a  conditional  CALL  or  JUMP  for  the  comple¬ 
mentary  condition. 

The  Intel  8008  has  conditional  and  uncondi¬ 
tional  JUMP,  CALL  and  RETURN  instructions. 
The  CALL  and  JUMP  use  14-bit,  immediate  ad¬ 
dresses  only  (and  thus  a  3-byte  instruction), 
and  CALL  uses  a  seven-level  stack  for  pushing 
and  popping  the  program  counter.  There  is,  how¬ 
ever,  a  single  byte  unconditional  CALL  instruc¬ 
tion  that  pushes  the  counter  and  replaces  it  with 
an  address  consisting  of  all  zeros  except  for  bit 
positions  3  through  5.  These  are  given  as  it°r 
mediate  data  in  the  instruction.  Hence  eight 
short,  but  frequently  used,  subroutines  can  be 
located  in  the  lower  order  64  locations  of  mem¬ 
ory,  accessible  by  exceptionally  fast  and  shoit 
CALLS.  The  8008  accepts  and  executes  such 
instruction  on  its  input  bus  upon  receipt  of 
interrupt  signal.  This  feature  enables  direct  con¬ 
trol  by  external  devices  of  JUMPS  to  routines 
that  handle  interrupts. 

Microprocessor  has  stack  pointer 

The  Intel  8080  contains  a  16-bit  register  calk'd 
a  stack  pointer,  which  is  incremented  and  dec*^ 
mooted  automatically  by  CALL  and  RETl  *»* 
instructions.  The  current  program  counter  >• 
stored  in  (for  a  CALL)  or  loaded  from 
RETURN)  a  RAM  location  whose  address 
given  by  the  contents  of  the  stack-pointer  reg1* 
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This 


arbitrary  depth  nesting  of 
ter.  '  T  out1  since  the  memory  locations  must 
CAlLSrved  for  this  use,  a  limit  must  be  set  on 

th0  dePthNfttionai  IMP-16,  all  registers  and  con- 
In  1  fliD-flops  can  be  pushed  or  popped  from 
diti°n  >rnal  16-level  stack,  thus  providing  a 
the  111 .  way  save  the  entire  state  of  the 
WnVensor.  Registers  and  condition  flip-flops 
pr0CeS.ls o  be  saved  in  or  restored  from  the 
RAl/stack  area  in  the  Intel  8080,  but  not  in  the 
Intel  8008.  This  capability  is  particularly  im- 
ortant  in  interrupt-handling  applications. 

P  An  unusual  feature  of  conditional  instructions 
in  the  Intel  8008  and  8080  is  the  way  in  which 
Ihree  of  the  condition  flags— ZERO,  PARITY 
EVEN,  and  SIGN  BIT  1— are  interpreted.  They 
refer  to  the  register  last  referenced  by  an  in¬ 
struction  that  might  change  a  condition. 

The  Fairchild  PPS-25  has  a  very  flexible  con¬ 
trol  structure.  It  uses  unconditional  JUMPS  to 
an  address  within  the  same  ROM,  as  specified 
by  8  bits  of  immediate  data  from  the  JUMP 
instruction.  These  8  bits  are  interpreted  as  a 
signed-2‘s-complement  number  that  is  added  to 
the  address  of  the  current  ROM  location.  The 
feature  permits  jumping  forward  or  backward 
a  specified  amount  from  the  current  location.  A 
separate  ROM-select  instruction  changes  the 
high-order  bits  of  the  program  counter,  permit¬ 
ting  a  JUMP  to  a  newr  ROM  page. 

Conditional  JUMPS  can  lead  to  either  two- 
way  or  three-way  branches.  A  two-way 
BRANCH  is  an  ordinary  JUMP  instruction. 
Three-way  BRANCHES  involve  either  two  dif¬ 
ferent  modifications  of  the  program  counter 
(both  using  immediate  data)  or  execution  of 
the  next  sequential  instruction.  A  pair  of  in¬ 
structions  selects  the  desired  conditional  mode. 

CALLS  in  the  PPS-25  are  accomplished  in 
tw°  8teps.  First,  the  current  program-counter 
^alue  plus  1  must  be  stored  in  one  of  two  fields 
!n  a  aPecial  status  register.  Then  an  uncondi¬ 
tional  JUMP  or  conditional  JUMP  or  BRANCH 
i*'  executed.  The  execution  does  not  itself  save 
e  content  of  the  counter.  A  RETURN  is  ae- 
'ornplished  by  reloading  the  counter  with  the 
^nrrent  c°ntent  of  the  appropriate  status-regis- 
i  r  again  after  the  counter  automatically 

once.  This  second  incrementing  en- 
*  **  *  3k»P  over  the  JUMP  or  BRANCH  in- 
a  1011  followed  the  original  counter  stor- 

'Hstruction. 

stri/r  Xational  IMP-16  exploits  its  16-bit  in- 
in*  Ct!!on  w°rd  to  permit  flexibility  in  general 
C’Ai  |  '  a<d(iresses  for  unconditional  JUMP  s,u 
an  inftruetions.  The  counter  is  loaded  with 
8-bit  iect,Ve  address  that  is  computed  from  an 
ment  ?lrnediate-data  field  (a  signed-2's-eomple- 

nsplacement)  that  is  added  to  the  16-bit 


content  ot  an  index  regisler.  If  the  indirect  mode 
is  selected,  this  address  is  used  to  access  a  mem 
ory  location  whose*  content  becomes  the  value 
for  the  counter.  In  the  CALL  instructions  the 
current  counter  value  is  saved  in  a  16-level  stack. 
The  RETURN  instruction  retrieves  the  counter 
value  from  the  top  of  the  stack  and  adds  to  it 
7  bits  of  immediate  data  from  the  instruction 
itself. 

The  Intel  8080  has  an  instruction  that  trans¬ 
fers  the  16-bit  content  of  two  working  registers 
into  the  program  counter,  thus  causing  an  un¬ 
conditional  JUMP.  The  JUMP  address  originally 
in  the  working  register  could  have  been  obtained 
by  a  computation  or  table  look-up  operation.  The 
National  IMP-16  provides  this  same  flexibility, 
since  the  effective  JUMP  address  can  be  based 
on  an  index  register  content.  Or  it  can  be  based 
on  the  content  of  one  of  the  256  lower  order 
RAM  locations,  in  which  case  an  indirect  mem¬ 
ory-reference  mode  would  be  selected. 

The  conditional  instruction  in  the  IMP-16  is 
a  JUMP  and  provides  an  8-bit  displacement  17- 
bit  magnitude  plus  sign)  that  is  added  to  the 
current  counter  value.  One  of  16  condition  flags 
can  be  tested,  including  several  externally  and 
internally  controlled  flip-flops. 


iput/output  capabilities 

The  nature  of  the  microcomputer  interface 
nd  the  I/O  instructions  vary  considerably  from 
ne  system  to  another  (Fig.  9). 

A  basic  scheme  employed  in  the  Intel  8008, 
,080  and  the  National  IMP- 16  provides  bits  on 
he  address  bus  for  both  input  and  output  in- 
.ructions.  With  an  INPUT  or  OUTPUT  enable 
.ulse  these  instructions  can  be  used  to  select 
n  I  ’o  device.  Then  the  microprocessor  either 
iuts  out  the  accumulator  contents  as  OUTPUT 
lata  or  gates  the  input  bus  content  to  the  ac- 
umulator  The  address-bus  bits  in  the  Intel  ma- 
bines  come  from  the  current  instruction  word ; 
n  the  IMP- 16,  they  are  more  general,  being 
armed  by  an  addition  of  immediate  data  from 
he  instruction  and  the  content  of  an  internal 
corking  register. 

The  Rockwell  PPS  system  uses  immediate  data 
or  device  selection,  but  then  it  provides  a  bi- 
sectional  data  exchange  in  the  same  cycle.  The 
[  bits  in  the  accumulator  go  out  on  4  bits  of  the 
nst ruction-data  bus.  This  is  followed  by  a  load- 
no-  rtf  the  accumulator  from  the  remaining  4 
,its  of  the  same  8-bit  bus.  The  IN  PI' T  instruct¬ 
ion  for  the  Intel  8008  also  outputs  the  accumu¬ 
lator  before  loading  it  from  the  main  nustruc- 
inn-data  bus.  Hence  every  executed  IM  ll 
instruction  can  also  be  used  to  output  data  to 

«... «  — 
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Kxnmple:  Intd  4004 

il  ()  port*  lire  associated  with  special  ROM 
and  HAM  devices  bus-connected  to  the  4004 
microprocessor* 

Port* 

■  u  HAM  output  port  (4  bit,  latched) 

■  a  ROM  I/O  port  (4  bits,  mask  program¬ 

mable  to  specify  direction) 

Selection 

■  one  (or  two)  set-up  instructions  select  a 

ROM  and  RAM  device 

Data  transfer 

■  (A)*  input  port  bits  on  ROM 

■  ROM  output  PORT  bits«-(A) 

■  RAM  output  latch*-(A) 


selected  by  separate  instructions.  The  l  a 
of  the  ROM— each  of  4  bits  is  mask-program^ 
as  either  an  input  or  output  terminal  • 
latched  RAM  OUTPUT  port  can  be  read  or  * 
ten  with  an  appropriate  8-bit  instruction 
The  Fairchild  PPS-25  uses  a  set  of  I  o  <• 
mands  to  control  special  I/O  devices  desil'^ 
for  use  in  this  system.  In  addition  it  contains  ^ 
unusual  direct  8-bit  (serial)  input  to  the  HfjjJ 
address  register.  Data  on  this  input  are  added 
to  the  ROM  address  register.  Also,  a  special  in 
struction  loads  serial  data  into  the  active  status 
register,  where  each  bit  can  be  interrogated  ^ 
an  individual  flag. 


Kxample:  National  IMP-16 
Selection 

■  (R)  +  7  bit  immediate  field  is  transmitted 

as  a  16-bit  device  address/enable, 
accompanied  by  an  I/O  enable  sig¬ 
nal.  It  is  sent  to  the  Address  Resister. 

Data  transfer 

■  A «-( external  device) 

■  (external  device) *-A 


9.  Input/output  instructions  combine  a  selection  and 
data  transfer  operation.  These  can  be  triggered  by  suc¬ 
cessive  instructions  or  by  a  single  combined  instruction. 

dated  with  the  ROM  and  RAM  devices  of  a 
complete  MCS-4  system.  A  ROM  and  RAM  are 
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Engineers  who  incorporate  MOS/LSI  micro¬ 
computers  in  their  designs  face  a  critical  need: 
conversion  of  system  algorithms  into  instructions 
that  can  be  loaded  directly  into  the  system’s 
memory. 

IC  manufacturers  are  giving  more  and  more 
attention  to  this  phase  of  design,  generally  called 
coding,  with  improved  tools  and  techniques  to 
simplify  the  designer’s  task. 

The  basic  tools  available  are  these: 

■  Assemblers. 

■  Editors. 

»  Loaders. 

■  Compilers. 

■  Microprogramming. 

Fig.  1  shows  the  primary  function  of  the  first 
four  tools.  In  addition  hardware  or  software 
simulators  are  available  for  program  testing  and 
error  locating. 

Assembly  language:  the  most  appropriate 

An  assembly  language,  the  most  common  for 
microcomputer  programming,  has  these  features: 
symbolic  operation  codes;  labels  that  refer  to 
memory  locations — instruction  or  data;  and  sym- 
“°lic  names  for  operands,  such  as  registers,  con- 
’bon  flip-flops  and  test  conditions  of  conditional 

instructions  (Fig.  2). 

For  example,  in  the  Fairchild  PPS-25  the  in- 
Auction1 

rem  <*•!>  «-  (A,)  +  (Rk))  .  t 

^  the  contents  of  register  R*  with  the 

_um  of  the  contents  of  the  accumulator  and 
in  'S^er  However,  only  a  designated  field,  j, 
Fa^vr  re^'s*,er  involved  in  the  addition.  The 
lrt  ild  assembly-language  equivalent  reads 
u  ADD  Y,  X,  T. 

registT  ^  /^Presents  the  name  of  a  destination 
a  r>S  ^  name  of  a  source  register  and  T 
fieldr'V!°Usly  ^^ted  code  that  represents  the 
PoasiH  ^  addition  is  to  take  place.  The 

the  C<x*ea  °f  T,  with  their  meanings,  include 
,e  following; 


1  Preparation  of  the  binary  code  to  be  placed  in  read¬ 
only  memory  can  be  simplified  by  use  of  a  compiler  or 
assembler  and  an  editor  and  loader. 


TOTAL :  Total  field, 

FRAC:  19  (left-most)  digit  fraction¬ 

al  or  mantissa  field. 


LSD:  Least  significant  digit, 

PFIELD:  Digit  selected  by  pointer 
register. 

n  the  Intel  8008,  consider  this  conditional 
LL  instruction:  PCIS  and  (PC)-  14  bit  im- 
liate  field,  if  condition  holds:  otherwise  do 
t  instruction.  PC  refers  to  the  program 
nter  and  S  represents  a  last-in,  first-out  stack, 
uch  an  instruction  in  the  Intel  assembly 

mage  is  written 

CTX  PLACE. 

efers  to  C,  Z,  P  or  S.  which  mean,  reepect.ve- 
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ORGIN  *  0 

SYMBOLIC  OP-COOE  • 


PSEUOO-OP  DEFINING  INITIAL  PROGRAM  ADORESS 


N 


|lNCR  |  RCOi 
JUMP  [ZEROl 

NAME/ 


COMMENT'' 

R COUNT  ; INCREMENT  THE  REGISTER  NAMED  RCOUNT 

LOC  , IF  RESULT  IS  ZERO  ,  JUMP  TO  INSTRUCTION 
LABELLED 'LOC‘ 


OPERAND  NAME/ 

(CONDITION  FLIP-FLOP.) 

XOR  TWORD.A  iEXCLUSIVE-OR  THE  REGISTER  'TWORD*  WITH 
THE  ACCUMULATOR 

1LQC)  AO  I  DELTA  .A  ,ADO  THE  OATA  NAMED  ‘DELTA*  TO  ACCUMULATOR 
ADDRESS  LABEL  ! 


OPERAND  DEFINITION 


N 


DELTA  *  K> 


RCOUNT *  B 
TWORD  =  C 
PSEUDO-OP - 


© 


ORG 

0 

LOC 

INB  ' 
JTZ 
XRC 
ADI 

LOC 

DELTA 

DELTA 

EQU  ' 

10 

END 

A  line  of  source  tape 


ID  AC 4>  ,@.+  10 


This  says  LOAD  register  AC<£  indirectly  thm.,  k 
the  address  given  by  adding  10  (octal)  to  the  r  h 
rent  value  of  the  program  counter  (denoted 

A  line  of  the  list  tape 


10  =  line  number  in  assembly  language  pro¬ 
gram  (on  source  tape) 

000  =  location  of  the  instruction 
9109  =  hexadecimal  representation  of  the  16- 
bit  machine  language  word 
LD  AC<£,  @  .  +  10  =  assembly  language  state¬ 
ment  written  by  programmer  on  source 
tape 

A  line  of  the  object  tape 


lOOlOOOIOOOOlOOl 


This  is  a  16-bit  machine  language  equivalent 
of  the  instruction  above. 


*  °f.  3n  assemb|y  |anguage  program  (a)  illustrate: 
the  basic  language  features.  The  same  program  segmen 
appears  in  the  Intel  8008  assembly  language  (b) 


3.  The  assembler, — a  program, — converts  a  source  tape 

to  a  list  tape  and  absolute  object  tape  in  this  example 
from  the  National  IMP-16. 


y,  arry  _  l,  Result  Zero,  Parity  Even  and 
Sign  Bit  1.  PLACE  is  the  label  associated  with 
any  other  instruction  in  the  sequence  being 
assembled. 

Hence  the  statement 

CTP  STEP1 

causes  the  microcomputer  to  call  STEPl  condi¬ 
tionally.  The  processor  saves  the  program 
counter  and  replaces  it  by  the  address  labeled 
TEPl,  if  the  parity  of  the  register  last  oper¬ 
ated  upon  was  even.  Otherwise  the  instruction 
that  follows  .would  be  executed. 

The  sequence 

INB 

CFP  STEPl 
JMP  STEP2 

increments  register  B,  calls  to  STEPl  if  the 
parity  of  register  B  is  odd  or  performs  an  un¬ 
conditional  JUMP  to  STEP2  if  the  parity  is  even. 

The  assembler  can  read  a  source  tape  or  file 
with  statements  written  in  the  symbolic  assem¬ 
bly  language  (Fig.  3).  Also,  the  assembler  can 
construct  various  tables  from  the  source  file  and 
produce  an  output  object  tape,  or  file,  with  binary 
numbers  for  the  microcomputer. 

For  example,  in  the  Fairchild  PPS-25, 

ADD  B.C,  FRAC 
appears  in  the  object  code  as 
000100101010. 


T  rom  left  to  right,  000  is  the  operation  code  for 
ADD;  100  is  the  Fairchild  code  for  the  B  regis¬ 
ter;  101  is  the  code  for  the  C  register,  and  010 
represents  the  mask-programmed  code  to  select 
the  left-most  19-digit  field  of  a  register. 

For  the  Intel  8008, 

CTP  STEPl 

appears  as  the  3-byte  instruction, 

01111010 

00110000 

xxOOlllO.  , 

STEPl  is  assumed  to  be  an  instruction  store* 
at  binary”  location  00111000110000.  The  last  t*® 
bytes  give,  respectively,  the  low  8  and  high 
bits  of  the  address.  The  bits  marked  x  are  “don  L 
cares”  for  the  8008.  The  assembler  could  sut*1'* 
tute  any  bit  pattern,  since  the  machine  ignore5 
these  locations. 


»  •  ao^cniuicr- 


- - wgi  mu 

bp 

The  assembler  is  a  program  that  ^ 
run  on  some  computer.  One  assembler 
from  Intel — can  be  loaded  into  several  ^ 

ROM  chips  and  executed  by  a  microcomputcf  ^ 
the  type  for  which  it  is  assembling.  These 
called  “hardware  assemblers/'  because  *hc> 
on  the  hardware  itself. 


A  more  common  situation  is  one  in  which 


& 
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entry  1 

t  •  ♦ 

entry  1 

I  •  • 

•  •  • 
t  •  * 


•  •  • 


FINISH 

»  •  • 

MEM  1 
MEM  2 

M  • 


NUMBERS  octal 

OR'G|N  0  11C..  , 

LOAD  ri.  MEM  1 
load  R2.  MEM  2 

LOAD'  IS  UNDEFINED  OP-CODE  *  *  * 
COMPARE  Rl.  R2 
duplicate  ADDRESS  LABEL  *  *  * 
JCOND  PLACE 

PLACE'  is  UNDEFINED  ADDRESS 
LABEL  *  *  * 

OPERAND  MISSING  *  *  * 

JUMP  FINISH 

STORE  Rl,  MEM;  if  Rl  >  R2,  E 


CHANGE 

■MEM'  UNDEFINED  *  *  * 
STORE  R2,  MEM  1 


HLT 

•HLT'  IS  UNDEFINED  OPERATION 


=  1732 
*  1840 

NUMBER  IS  INVALID  OCTAL 


END 


*  *  * 


*  *  * 


NUMBERS  OCTAL 
ORIGIN  0 

ENTRY  1  LOAD  Rl,  MEM  1 
LOAD  R2.  MEM  2 
ENTRY  2  COMPARE  Rl,  R2 

JCOND  GREATER,  PLACE 
JUMP  FINISH 

PLACE  STORE  Rl.  MEM  2;  if  Rl  >  R2,  EX¬ 
CHANGE 

STORE  R2,  MEM  1 
FINISH  HALT 
MEM  1  =  1732 

MEM  2  =  2040 

END 

i assembler  provides  error  messages  that  start  with 
»n  a  program  with  errors  (top).  The  corrected 
program  appears  at  the  bottom. 


Ambler  itself  is  written  in  Fortran.  With 
muu)r  mo<iifications,  the  propram  can  be  run  on 
*n>  computer  that  compiles  Fortran  programs. 

the  designer  prepares  source  programs,  as- 
Uu*1 '  v!**  lbem  on.  some  other  computer,  to  ob- 
F\,V.  '  °^®c^  tape  f°r  the  microcomputer.  The 
abb- ^  n  "  r'Uen  ^^mblers  are  often  made  avail¬ 
ing  Users  through  various  national  time-shar- 
•  "'hiputer-service  companies. 


mb'«rs  contain  pseudo-operations 

taresTxv! ^rs  Provide  more  sophisticated  foa- 
>tnn(1  .***  ar^  usually  pseudo-operations,  or  as- 
*i  *r  ’'Auctions,  that  do  not  assemble  into 
the  ^^Pdter  instructions  directly  but  control 
s%nifteam,'>ly  °f  instrtictions  that  do.  The  more 
follow*1  and  common  psuedo-ops  are 
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ten,  all  literals  that  In  (B’0J))*  If  B  is  wri1^ 
interoreted  „  K-  ppt'ar  ln  °I*'rand  ««><•»  «re 
D  ^,  7  JnUn’bers-  Simitariy  0  and 

eslab,lsh  octal  and  decimal  modes. 


ORIGIN.  The  statement  ORIGIN  256D 
causes  the  next  instruction  to  be  stored  at  loca¬ 
tion  256  (decimal).  Consecutive  locations  are 
used  until  another  ORIGIN  statement  appears. 

■  COMMENTS.  It’s  common  to  intersperse 
English  text  in  a  source  file  that  contains  as¬ 
sembly  language.  With  the  selection  of  a  symbol, 
such  as  “  ”  or  or  the  assembler  ignores 
all  symbols  to  the  right  of  the  selected  one  on 
each  line  of  source  text.  But  the  assembler  re¬ 
produces  the  symbols  in  the  final  list  file. 


■  EQUAL.  A  statement  such  as  Rl  =  PLACE 
establishes  that  PLACE,  and  Rl  can  be  used  in¬ 
terchangeably  as  names  of  register  Rl.  The  state¬ 
ment  DATA1  =  53D  causes  the  contents  of 
DATA1  to  be  taken  as  53  (decimal). 


■  DATA  GENERATING  STATEMENT.  A 
statement  such  as  TABLE  D  7,  53,  29  creates 
three  data  words  stored  in  successive  locations  in 
memory.  The  first  location  is  labeled  TABLE. 


Assemblers  give  error  messages 

The  ability  of  assemblers  to  ?  and  point 
to  a  variety  of  errors  in  sour  ements 

one  of  their  most  valuable  features  (Fig.  4). 
These  errors  are  syntactic — they  deal  with  mis¬ 
use  of  the  actual  language.  Assemblers  normally 
cannot-  catch  logic  errors  in  the  program,  errors 
of  intent  or  other  subtle  problems.  A  statement 
that  contains  an  error  is  printed  in  the  list  file 
with  a  code  letter— a  flag— beside  it.  Or  the  en¬ 
tire  error  message  may  be  printed. 

Some  common  errors  that  c»n  ** 
dude  duplicate  address  label,  undefined  l»Wr 
unrecognized  instruction  mnemonic  (iw  perhap- 
to  the  misspelling  of  an  operation 
detectable  errors  include  undefined  operand  field 
names  wrong  number  of  operands  and  an  - 
valid  number  in  the  number  ^™/h^detaCt 
addition  an  assembler  1  referred  to  the  same 

the  error  of  an  ***"*”*"$  *°hen  a  long 
ROM  page,  as  in  a  short  JIMH  un 

JUMP  is  required.  flagged  in  cur- 

Not  all  errors  of  3>^*_  ,  For  example, 
rent  microprocessor  ^H>t  JVMP  or  CALL 

»hcn  the  1IV 

instruction  is  not  th  -  rally  detected, 

struct  ion.  the  error  » "  f  future  in  ***** 

A  — 

_ i.4  ver>  use>  «■ 
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axie  are  used  repeatedly  but  variations  preclude 
the  use  of  conventional  subroutine  techniques. 
A  macro  consists  of  a  sequence  of  code  or  a 
routine  that  is  defined  with  such  parameters  as 
data  values,  addresses,  labels  or  even  instruc¬ 
tions.  An  expansion  of  a  macro  involves  a  specific 
copy  of  this  sequence  in  which  all  parameters 
have  assigned  values. 

For  the  assembler  to  produce  an  expansion  of 
the  macro,  only  a  single  statement  need  be  writ¬ 
ten — if  you  assume  that  the  macro  definition  has 
already  been  given  to  the  assembler.  This  state¬ 
ment  appears  at  the  location  at  which  the  ex¬ 
pansion  is  to  begin,  and  it  contains  a  list  of  the 
values  to  lie  assigned.  The  assembler  creates  the 
complete  expansion  where  requested. 


Editors  make  changes 

Editors  are  interactive  systems  that  allow  de¬ 
signers  to  prepare  a  program,  or  text,  and  to 
make  changes  with  simple  commands.  Time-shar¬ 
ing  services,  which  provide  remote  access  to 
microcomputer  assemblers,  have  such  editor  sys¬ 
tems.  Hence  designers  can  prepare  assembly- 
language  programs  and  correct  them.  They  can 
add  documentation  and  store,  combine  and  re¬ 
trieve  programs.  And  they  can  output  programs 
onto  paper  tape  and  printers  with  relative  ease. 

Once  a  program  has  been  written,  assembler- 
fiagged  errors  corrected  and  a  binary  object  tape, 
or  file,  created,  the  program  must  be  loaded  into 
the  memory  of  the  microcomputer  system. 

Assembled  programs  can  be  loaded  into  mask 
or  field-programmable  ROMs.  They  can  also  be 
loaded  into  RAMs,  in  which  case  a  small  boot¬ 
strap  loader  is  required.  The  latter  may  be  a 
minimal  program  loaded  into  several  ROMs  or 
pROMs.  This  bootstrap  program  has  just  enough 
capability  to  read  an  object  tape  of  a  complete 
loader  program,  which  is  placed  on  a  tape  reader 
under  microprocessor  control.  More  often,  the 
bootstrap  loader  contains  the  entire  loader’ pro¬ 
gram,  and  all  RAM  space  is  available  to  load 
the  application  program. 

Application  programs  can  be  conveniently  test¬ 
ed  in  RAM  before  they  are  committed  to  ROMs 
or  pROMs.  However,  if  they  are  to  be  used  in 
RAMs  in  the  final  system,  a  startup  or  restart 
procedure  is  needed.  The  procedure  permits  boot¬ 
strapping  of  the  microcomputer  into  operation. 
A  permanent  loader  is  required  in  read-only 
memory. 


Advanced  loader  features 

The  most  elementary  binary  loader  simply 
reads  successive  words  on  the  object  tape  and 
writes  them  into  successive  locations  of  RAM 


A  PL/M  statement 


ULV/LMHC 


DTIL,  |r  A  >  Y  TiJr*.  _ 

X  -  Y  +  2;  ELSE  Z  -  y  -  x  +  ?HtN  2 

An  equivalent  set  of  assembly  laneuaff*  «♦,» 

fnr  thp  Intel  ftflOft  ®  ®tenii 


»ems 


ORG  4000 
BEGIN  LLI  LOW  X 
LHI  HIGH  X 

LAM;  accumulator  contains  v 

LLI  LOW  Y  05  X 

LHI  HIGH  Y 


LBM; 

SUB; 

JTS  L0C2; 

LOC  1  ADI  2; 

LLI  LOW  Z 
LHI  HIGH  Z 
LMA; 

JMP  FINISH 
LOC  2  LCI  377 
XRC; 

ADI  1: 


JMP  LOCI 
FINISH  HLT 
LOW  X  EQU  70; 
HIGH  X  EQU  10; 
LOW  Y  EQU  71 
HIGH  X  EQU  10 
LOW  Z  EQU  72 
HIGH  Z  EQU  10 

ORG  4070 
LOC  X  DEF  0; 

LOC  Y  DEF  0; 

LOC  Z  DEF  0: 


B-register  contains  Y 
Subtract  B-register  from 
accumulator 
if  result  negative,  jumn 
to  L0C2. 

add  2  to  accumulator 

store  answer  in  the  loca¬ 
tion  for  Z 


accumulator  bits 

complemented 

2's  complement  of  X  Y  in 

accumulator 


word  address  of  X 
page  address  of  X 


X  =  0  initially.  Value  as- 
signed  elsewhere 
Y  =  0  initially 
Z  =  0  initially 


5.  A  short,  readable  compiler  statement  corresponds  to 

many  assembly-language  statements. 


memory.  The  loader  generally  starts  at  a 
origin.  A  relocating  loader  is  more  complex  and 
not  generally  available.  The  reloading  loader 
uses  a  special  object  tape  and  the  desired  orifrin 
data  to  automatically  adjust  the  program  ad- 
di  esses  and  load  the  resulting  binary  instructions 

W  ith  a  basic  binary  loader,  the  same  flexibilib 
can  be  achieved  by  reassembly  of  the  origin*1 
souree  tape  or  file,  but  with  a  change  of  the  ori¬ 
gin  using  a  suitable  ORIGIN  pseudo-operation. 

Another  feature  of  more  advanced  loader* 
linking  capability.  Here  program  segments  °r 
routines  with  undefined  labels  or  names  can  w 
oaded.  The  loader  supplies  missing  cross  refer 
enees  between  the  separate  routines.  Again. 
eature  can  be  achieved  by  reassembly  of  1  e 
entire  collection  of  programs. 


Compilers  translate  languages 

A  compiler  is  a  program  that  accepts  as 
data  another  program,  written  in  a  »o-cftl  *' 

A 
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hasic  system  design 

,  Errors  ^  Ltween  intended  or  desired  opera- 
differenc  achieved 

'^algorithms 
'  incorrect  algorithm 

wr°n8 Stakes  too  long  to  execute 
al  h  etic  accuracy  or  precision  unsatisfactory 
,  Errors  "  implementation 

logic  error 
off  by  one  count 
conditions  reversed 
data  stored  in  wrong  order 
microcomputer  hangs  up  in  a 
data  destroyed  by  overstore 
wrong  register  used 


loop 


coding  errors 
wrong  instruction 
■  Errors  in  hardware 
marginal  operation 


races 

propagation  delays  too  great 
wiring  error 

interface  signals  incorrect 

peripheral  device  operated  improperly 


6.  Many  potential  sources  of  error  exist  in  a  microcom¬ 
puter  design. 


INPUTS 


OUTPUTS 


A  PROGRAM 
TO  TEST 

SIMULATOR 

COMMANDS 


SIMULATOR 

PROGRAM 


f  Display  of 

J  SIMULATED  SERA/ OR  OF 
|  MICROPROCESSOR  RlMNiNG 
[  THE  TEST  PROGRAM 


EXAMPLE 

INPUT  TO  SIMULATOR 

The  program  itself  (machine  language  in¬ 
structions  produced  by  an  assembler) 

A  list  of  simulator  commands 

SET  PC  =  0,  REGISTERS  R1  =  1,  R2  =  1, 

R3  =  1 

SET  MEMORY  LOCATIONS  MEM  (100) 

TO  MEM  (150)  =  0 
STOP  SIMULATION  AFTER  20  INSTRUC¬ 
TIONS 

DISPLAY  REGISTERS  Rl,  R2,  R3 
DISPLAY  MEM  (100)  TO  M  (103) 

DISPLAY  OCTAL 
START 

OUTPUT  OF  SIMULATOR 

Rl  =  5  R2  -  10  R3  --  73 
MEM  (100)  =  0 
MEM  (101)  =  377 
MEM  (102)  =  264 
MEM  (103)  =  113 

7.  Commands  to  a  simulator  allow  designers  to  verify 
that  a  program  is  correct. 


source  language.  The  compiler  then  outputs  an¬ 
other  program,  written  in  what  is  called  the 
target  language.  The  latter  can  be  either  the 
assembly  language  or  a  machine  language. 

The  source  language  is  usually  a  high-level 
anguage,  in  which  the  instructions  or  commands 
are  much  more  powerful  than  those  of  the  target 
Fntrn^6'  Examples  of  source  languages  are 
URTRAN,  COBOL,  APL,  ALGOL  or  PL/1. 

°mpjlers  make  the  programmer’s  job  easier 
few86  t^ey  provide  a  language  that  requires 
elim^  s^ernent3  for  an  algorithm.  Compilers 
stroll  nee<^  write  detailed  codes  to 
or  to  n  °°^S’  access  complex  data  structures, 
For  r°tram  forn^ulas  and  functions, 
set  of  pX.arnPje>  a  compiler  from  Intel  has  a  sub- 
The  8uy  J  |  instructions  as  its  source  language, 
from  called  PL  M.2  An  example 

the  sourr*  *i  '"Ustrates  the  powerful  nature  of 

Dpe-ar,age  instructions : 

IP  XUREJX-Y'Z)  BYTE; 


>  Y  THEN  Z  =  X  -  Y  +  2; 


Tu  ^^SE  Z  —  v  v  -l  o 
The  P]  j.  ~  Y  —  X  +  2. 

?0rr>piler  in!;  staternents  are  converted  by  the 

‘nstructj  ”  a  se(fuonce  of  assembly-language 
thev  .  •  1  he  h 


^  test 


s  X  ySfie  ^  >  Y.  If  X  is  bigger,  then 


instructions  compute  Z  after 


Y  _ 


Y  +  2  i 


.  Pt-  A  18  computed.  If  X  ^  Y,  then 
Lay1.*16  content  V8  comPuted.  X,  Y  and  Z  refer 
J  lshed  tjy  the  sin2l*-byte  locations  es- 


Fig.  5  shows  an  equivalent  sequence  of  instruc¬ 
tions  written  directly  in  the  assembly  language 
of  the  Intel  8008.  Notice  how  much  more  diffi¬ 
cult  the  instructions  are  to  understand,  despite 
the  comments.  And  notice  the  increased  amount 
of  writing  required,  even  without  comments. 

The  use  of  higher-level  languages  has  its  lim¬ 
itations.  Although  errors  may  be  reduced  be¬ 
cause  of  the  lessened  detail,  new  problems  can 
be  caused  by  failure  to  understand  all  the  con¬ 
ventions  built  into  the  compiler.  There  is  also 
invariably  some  loss  in  efficiency  in  compiler- 

^  If  ryou  rely  too  heavily  on  a  compiler,  vour 

helps  to  determine  any  los 

how  significant  the  lossMMy  ^mbly_lan*uage 
A  compiler  that  P1 0(1  .  .  ,  njruafire  words— 

code— and  not  simP^  ™^  b,y  listing  for  tests 
permits  the  use  of  an  ^  &  compilcr  lets  the 

and  [^undant  data  movement, 

designer  eliminate  rvu 


LECLARE  statement. 
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Microprogramming  tailors  designs 

Some  microcomputers — the  National  G PC/P, 3 
for  example — can  be  tailored  to  design  require¬ 
ments  through  use  of  a  mask-programmed  con¬ 
trol  ROM.  In  effect,  the  designer  can  choose, 
within  limits,  the  basic  machine-language  in¬ 
struction  set  if  he  writes  the  microprogram. 

This  flexibility  simplifies  use  of  a  microcom¬ 
puter  as  an  emulator  of  another  computer.  The 
instruction  set  of  the  other  computer  is  micro¬ 
programmed  into  the  microcomputer  control 
ROM.  Execution  of  a  program  instruction  cor¬ 
responds  to  selection  of  the  equivalent  micro¬ 
routine. 

Microprogramming  can  also  be  used  for  criti¬ 
cal,  short  routines  in  applications  where  speed 
is  of  the  essence.  The  routines  can  be  executed 
fastei  when  written  in  the  basic  control  lan¬ 
guage  of  the  microcomputer.  A  single  machine- 
language  instruction  triggers  the  routine. 

The  microprogram  instructions  are  more  ele¬ 
mental  than  the  usual  machine-language  instruc¬ 
tions.  Each  instruction  controls  limited,  simple 
operations  in  the  microcomputer.  A  sequence  of 
instructions  is  required  for  most  machine-lan¬ 
guage  instructions.  Hence  many  instructions  are 
required  for  an  entire  computational  routine. 


Simulator  tests  programs 


Many  potential  sources  of  error  exist  in  a 
microcomputer  program  of  even  modest  com¬ 
plexity  (Fig.  6).  A  software  simulator  provides 
one  of  the  most  useful  tools  for  testing  programs. 

Input  data  to  the  simulator  consist  of  an  as¬ 
sembled  program,  or  object  file,  written  for  the 
mici ocomputer.  In  addition  various  commands 
are  available  to  control  the  simulated  execution 
of  the  program  (Fig.  7). 


The  simulator  output  contains  representations 
ot  the  contents  of  various  registers,  flags  and 
memory  locations.  These  are  shown  as  they 
would  appear  inside  the  microcomputer  The  sini 
ulator  commands  allow  designers  to  obtain  se- 
lected  outputs  at  simulated  instants.  A  listing 
of  simulator  commands  similar  to  those  for  the 
Intel  4004  and  8008 '•*  appears  in  Fig.  g 


Start  simulation. 

Stop  simulation  after  a  given  number  m 
of  simulated  instructions.  0T  Cyc,«$ 

Stop  simulation  when  the  processor  rearx 
specified  instruction  or  memory  locat^  *  a 
Stop  simulation  when  the  contents  of  a  J!?  . 

memory  location  are  altered.  Pitied 

Display  any  registers,  flags,  program  conn, 
stack  contents.  I/O  ports,  or  memory 
specified  in  a  command  and  range-list  S 
Trace  the  simulated  microprocessor  by  disnia 
mg  elements  such  as  registers  whenever  L 
an  instruction  is  fetched  from  the  memo" 
region  specified  in  a  range-list.  ^ 

Display  the  number  of  instruction  states  used  bv 
the  microprocessor  since  the  last  simulator 
initialization. 

Set  specified  memory  locations,  registers  and 
I  /O  ports  to  specific  values  to  initialize  a  run 
Interrupt  the  simulated  microprocessor  and  force 
a  CALL  instruction. 


8.  A  variety  of  simulator  commands  is  available  to  tes‘ 

microcomputer  programs. 


■  Hardware  exercisers 

■  Test  programs  for  RAMs 

■  Logic  subroutines  for  microcomputers  which  do 

not  have  basic  logic  type  instructions 

■  Decimal  arithmetic  routines 

■  Transcendental  function  routines 

■  Data  format  conversion  routines 

■  Teletype  or  tape  drive  interface  programs 

9-  Program  libraries  contain  frequently  used  programs 

As  with  all  computer  systems,  microcomputer 
program  libraries  are  beginning  to  form, 
contributions  from  vendors  and  users.  A  brief 
listing  of  frequently  used  programs  appears  ir 
Fig.  9. 

References: 

1.  “PPS-25,  Programmed  Processor  System  Pr**l?r\' 
narv  L  sers  Manual,”  October  25,  1972,  Fairchild 
conductor.  Mountain  View.  Calif.  94040. 
t  L\  ^  Guide  to  PL  M  Programming,” 

Intel  Carp.,  Santa  Clara,  Calif.  95051. 

Generai  Pu^Pose  Controller  Processor  (GPC  \\ 
Publication  No.  4200005A,  National  Semicondurv 
Santa  Clara,  Calif.  95051.  ^ 

4.  MCS-4  Microcomputer  Set,  Users  Manual, 

sion  4,  February,  1973,  Intel  Corp.  ^ 

5.  "MCS-8,  8008  Simulator  Software  Package.  ^ 
ber,  1972,  Intel  Corp. 
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Xraffic-LiSht  Controller 

Mi  Exciwipte 

r  DENNIS  WEISS,  PH.D. 

Bell  Telephone  Laboratories ,  Holmdel 


How  does  the  basic  software  for  a  MOS/LSI 
microcomputer  differ  from  that  for  larger  com¬ 
puters?  Not  fundamentally.  The  differences  are 
in  emphasis.  With  microcomputers,  you  must 
give  more  attention  to  such  things  as  program 
size,  execution  times  of  critical  routines  and 
real-time  interactions  with  peripheral  devices. 

A  traffic-light  controller  provides  a  good  ex¬ 
ample  of  how  a  microcomputer  is  programmed 
for  a  specific  application. 

Usually  the  basic  algorithm  must  be  selected 
first.  Then  working  routines  can  be  identified 
and  common  memory  specified.  A  generalized 
program  for  coding  can  be  easily  adapted  to  any 
specific  microcomputer. 

In  the  traffic-light  controller  in  Fig.  1,  the  goal 
is  to  feed  a  maximum  number  of  cars  through 
the  intersection  in  any  time  period.  The  maxi¬ 
mum  duration  of  a  red  light  for  each  route  rep¬ 
resents  the  primary  constraint. 

•’•g.  2  shows  the  traffic  lights  that  are  visible 
to  cars  on  each  route.  The  lights  are  controlled 
1)V  loading  latches,  which  drive  relays  inside  the 
traffic-light  units.  The  through-traffic  and  left- 
turn  parts  of  the  display  in  Fig.  2a  can  be  set 
independently  to  red,  yellow'  or  green. 

chides  that  cross  switch  plates  on  the  road- 
\\<i>  actuate  switches  that  can  be  sampled  by 
'  microcomputer.  The  input  port  contains  six 
Zpi!l  ea°h  of  which  carries  a  ONE  or 

ov .  •  '  1<>,r?C  si5fnal-  Each  time  an  axle  P^868 
l0  * 1  a  awdch  plate,  the  switch  toggles  and  the 
utu  i  i? changes.  The  logic  level  is  maintained 
1  **  next  axle  toggles  the  switch. 

ASSUmptions  clarify  problem 

Prob|I,nf°IUnvinK  six  P°inta  clarify  the  design 

ROtitp6  duration  d  GREEN  signals  for  each 
becau  J  most  be  varied  to  optimize  traffic  flow, 
'raffic  varies  during  the  24-hour  day. 


1.  Traffic-light  intersection  contains  six  routes:  four 
through  lanes  and  two  turn  lanes.  The  six  roadway 
switches  toggle  each  time  an  axle  crosses  a  switch 
plate  in  the  corresponding  route. 


© 


® 


Traffic  signals  under  m'c'“comp"1"  SSTV)?1™* 
to  red.  yellow  or  green. 
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Since  the  roadway  switches  cannot  provide  in¬ 
formation  on  the  length  of  a  queue,  the  controller 
algorithm  must  contain  a  delay ;  the  number  of 
vehicles  crossing  a  switch  during  the.  current 
GREEN  cycle  determines  the  duration  of  the 
next  GREEN  cycle. 

2.  Two  toggles  of  a  switch  indicate  one  car 
has  passed.  Vehicles  with  more  than  two  axles 
represent,  therefore,  more  than  a  single  car  for 


critical  task  involves  a  count  of  t 
roadway  switches.  Assume  that  S?1,*  IL 
at  less  than  60  mph  and  that  minit  trav" 
spacing  is  48  inches.  These  figures  J In'* 
mum  of  45  ms  for  the  time  interval  u  mini 
toggles  on  each  ROUTE.  Hence  a 
is  certainly  fast  enough.  <(,rnPmfr 

A  stable  STATE  for  the  intersection  i 
filled  by  specifying  which  ROUTES  h 


T  The  tin  valid  STATES  lor  trail*  signals.  A  numeral 

"r  STATe  T,!  R°UTf.  has  GREEN  I"  <1e  correspon 
mg  a  i  ATE,  a  zero  implies  RED. 


CONTROL 

STATE 

SETS 

A 

B 

ROUTES 

C  0 

E 

F 

H.3,51 

1 

1 

\ 

1 

1 

1 

12,4,51 

1 

1 

I 

1 

1 

1 

12,3,4,51 

2 

1 

2 

1 

1 

1 

M,2,3,5| 

2 

2 

1 

t 

1 

I 

11,3,4,51 

1 
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2 

2 

1 

1 

11,2,4,5) 

l 

2 

! 

2 

1 

1 

(1,3,5), 151 

1 

1 

1 

1 

2 

2 

t'  DRr?MTcntogerS  g,ve  number  o<  green  intervals  icr 
a  HUU  t.  State  sets  labeling  each  row  constitute  the 
control  sequence  for  the  GREEN  intervals. 


traffic  measurement. 

3.  Traffic  on  a  ROUTE  should  not  be  measured 
tor  the  full  GREEN  cycle.  Otherwise  an  unstable 
situation  would  exist.  Lengthening  the  GREEN 
cycle  would  let  more  traffic  through.  This  in 
turn  would  require  lengthening  it  still  more  on 
the  next  cycle.  Instead  use  a  fixed  initial  period 

t*™E.  durini!  thc  GREEN  ofcich 

KUU1L  to  measure  the  traffic.  Each  GREEN 

BASETIME  °f  C°Urse’  last  a  minimum  of  one 

4.  The  dui  ation  of  a  GREEN  for  any  ROUTE 
consists  of  BASETIME  plus  DELTATIME  both 
in  seconds.  To  satisfy  a  MAXREDTIME  con- 
stiaint  on  the  duration  of  RED  for  each  ROUTE 
limit  the  sum  of  the  DELTATIMES  used  bv  all 
those  ROUTES  that  get  GREEN  while  one 
ROUTE  holds  at  RED.  Also  constrain  the  num 
ber  of  ROUTES  that  get  GREEN  while  one 
ROUTE  has  RED. 

5.  The  only  states  allowed  for  the  traffic  sig¬ 
nals  are  those  in  wffiich  the  ROUTES  with 
GREEN  cannot  interfere  with  one  another.  Obvi¬ 
ously  east-west  and  north-south  lanes  cannot  be 
GREEN  at  the  same  time.  Also  ROUTE  B  and 
ROU  TE  C  will  not  be  GREEN  concurrently. 
This  feature  avoids  wasted  time  while  cars  yield, 
start  and  stop. 

6.  There  is  enough  real  time  to  do  the  job 
with  a  microcomputer.  The  only  possible  time- 


GREEN ;  the  remainder  are  RED.  Transition? 
from  GREEN  to  RED  occur  between  stable 

states. 

From  point  5,  the  only  stable  STATES  are 
those  five  tabulated  in  Fig.  3.  Note  that  exactly 
two  ROUTES  have  GREEN  lights  in  each  stable 
STATE. 


Define  a  valid  sequence 

A  valid  sequence  of  STATES  is  one  in  which 
each  ROUTE  gets  some  GREEN  time  from  8 
cycling  of  the  sequence.  Fig.  4,  based  on  Fig  3- 
lists  sets  of  states  from  wffiich  valid  sequent 
can  be  made.  Sets  {1,3,5}  and  {2,4,5}  are 
lent,  minimum  “covers”  of  the  table  in  Fig 
or  solutions  to  the  classical  set-covering  Pr"t>‘ 
lem.1 

For  simplicity,  and  to  satisfy  the  eonatram* 
ot  point  4,  let’s  establish  in  advance  a  reP^0  ‘ 
of  valid  SEQUENCES  to  be  used.  The  on  - 
chosen  (Fig.  5)  are  all  those  that  give  » 
BASETIME  interval  of  GREEN  to  each  R^1, 
and  a  DELTATIME  to  exactly  two  ROUTE* 
to  none. 

In  Fig.  5  the  nonequivalent  sequences  r* 
sent  sequences  that  are  ordered  to  elimi*i:it^ gg. 
necessary  light  changes.  For  example.  *  g$, 

QUENCE3  were  changed  to  STATEl.  * '  ,  ^ 
STATE2,  STATE5,  then  ROUTE  B  worn” 
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Direction#  for  I  leeipners 


SEQ1:  STATE2.  STATE4.  STATE 5 

SEQ2:  STATE2.  STATE3*  STATE4-  STATES 

Seq3:  STATE  1.  STATE2.  STATE3.  STATES 

$EQ4:  STATE  1.  STATE3.  STATE4.  STATES 

SEQ5:  STATE  1.  STATE2.  STATE4.  STATES 

$eq6:  STATE1.  STATE3.  STATES.  STATES 

5  The  ordering  of  preferred  sequences  eliminates  un¬ 
necessary  light  changes.  STATES  shown  bold  provide 
OELTATIMES  to  two  ROUTES. 


6-Flow  chart  selects  a  SEQUENCE  of  traffic-light 
STATES.  Traffic  counts  for  the  two  ROUTES  with  most 
BASETIME  traffic  determine  the  selection. 


controller  algorithm  contains  the  Select 
cvUENCE  algorithm  of  Fig.  6. 


A.f 


GREEN,  RED.  GREEN,  RED,  resulting  in 
wasted  start  and  stop  times.  The  sequence, 
STATE2,  STATE4,  STATES  is  chosen  over  a 
sequence  based  on  {1,3,5}  so  that  both  east-bound 
or  west-bound  lanes  will  move  together. 

The  algorithm  that  selects  a  new  SEQUENCE 
from  Fig.  5,  based  on  traffic  during 
BASETIMES  of  the  previous  SEQUENCE,  ap 
pears  in  Fig.  6.  The  alogrithm  allocates  DELTA- 
TIMES  of  GREEN  to  the  two  busiest  ROUTES, 
if  possible.  If  this  is  not  possible,  it  favors  the 
busiest  ROUTE  in  conjunction  with  a  through 
ROUTE.  Also,  if  traffic  is  light — the  busiest 
ROUTE  has  less  than  a  preset  threshold — no 
DELTATIME  is  allocated,  since  this  would  not 
result  in  greater  vehicle  throughput  but  only  in 
longer  RED  times. 

The  value  for  BASETIME  is  normally  given, 
while  the  choice  of  DELTATIME  must  satisfy 
the  MAXREDTIME  constraint.  From  the  given 
BASETIME  and  an  analysis  of  all  possible  pairs 
of  SEQUENCES  in  Fig.  5,  you  can  easily  solve 
for  the  maximum  allowed  DELTAT1MF1  Express 
the  resulting  RED  time  for  each  ROUTE  in  the 
form  N,  DELTATIME  +  N,  BASETIME.  N,  is 
the  number  of  DELTATIMES  that  occur  during 
the  RED  time,  and  N,  is  the  number  of  BASE- 
TIMES. 

The  entire  controller  algorithm  is  given  by  the 
flow  chart  in  Fig.  7,  which  incorporates  the  basic 
Select  Next  SEQUENCE  algorithm  of  Fig.  6.  If 
the  state  of  the  intersection  provides  DELTA¬ 
TIME,  then  you  simply  create  that  delay  with 
a  program  loop.  Otherwise  scan  the  toggle  switch¬ 
es  to  count  toggles  and  thus  measure  the  traf¬ 
fic  during  the  BASETIME. 

When  the  current  STATE  is  completed,  the 
STATE  must  be  changed  to  the  next  one  in  the 
current  SEQUENCE.  This  changes  the  traffic- 
lights.  If  the  SEQUENCE  is  completed,  a  new 
one  must  be  selected  before  a  return  to  the  start 
of  the  major  loop. 


The  working  routines 

It  is  now  possible  to  identify  the  routines  to 
make  the  controller  algorithm  work.  There  are 
six  principal  ones: 

1.  Initialize: 

■  Select  a  starting  SEQUENCE,  SEQ1. 

■  Set  all  traffic  counts  to  zero. 

■  Set  other  pointers  and  counters  to  zero. 

2.  Time  Out: 

■  Do  a  loop  of  NOBS  (do  nothing  but 
count)  for  a  DELTATIME  period. 

3.  Scan  and  Time  Out  (see  Fig.  8) : 

■  Scan  toggle  switches  every  2d  nis,  an* 
count  the  20-ms  intervals  until  the 
BASETIME  has  been  spent. 

■  Update  toggle  counts  for  each  KUL 


Si 
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S.TABLE1  2  / 2  means  use  STATE2/ 
4 


8.  Scan  and  Time  Out  routine,  one  of  the  working 
routines,  is  outlined  in  this  flow  chart. 


STABLE.  POINTER  X 

/An  address  in  the  STABLE  whose  content 
is  the  current  STATE  in  the  current 
SEQUENCE/ 

CNT.RTA  X 

CNT.RTB  X 

CNT.RTC  X 

CNT.RTD  X 

CNT.RTE  X 

CNT.RTF  X 

?l"umber  of  to8g|es  (of  switch  in 

sw.last  uSk  ®  s,nce 

/Last  toggle  positions  read  for  all  toggle 
switches/  6 

TIMECOUNT  X 

/Location  incremented  once  everv  20  ms 
until  BASETIME  exceeded.  More  than  8  bits 
required/ 

LASTSTATE  X 

THISSTATE  X 

MAXTRAFFIC.RT  X 

NEXT.TO.MAX.RT  X 

/X  =  1.2,4,8,16,32  for  RTA  ,  .  ,  .  ,  RTF/ 

NEXTSEQUENCE  X 

/X  =  1.2, 3.4  or  5/ 

9  Some  common  memory  locations  and  content  de¬ 
scription.  Data  format  for  each  memory  location  X  must 
be  specified  throughout. 


END1 

S.TABLE2 


5 

0 

2 


END2 


203  /Use  STATES  as  a  DELTATIMF 
state/ 

4 

5 
0 


/The  SEQUENCE  TABLE  contains  octal  num¬ 
bers  defining  the  sequences  of  STATES  in 
each  SEQUENCE.  A  "1"  in  the  left-most  bit 
flags  that  STATE  as  the  DELTATIME  STATE 
for  that  SEQUENCE/ 

STATES  12 
3 
5 
14 
60 

/  Five  octal  data  words  for  STATES  1  through 
5  defining  pairs  of  ROUTES  which  can  be 
GREEN  together. 

FORMAT  of  8-bit  word: 

0  0  RTF  RTE  RTD  RTC  RTB  RTA/ 


10.  Two  required  constant-data  tables.  These  can  be 

stored  conveniently  in  read-only  memory. 


as  required. 

4.  Process  Scan  Information: 

■  Use  toggle  counts  for  the  just  com¬ 
pleted  SEQUENCE  to  determine  the 
busiest  ROUTES,  MAX.TRAFFIC.RT 
and  NEXT.TO.MAX.RT,  as  required  in 
Fig.  6. 

■  Initialize  route  counts  CNT.RTA,. ..and 
CNT.RTF  to  zero. 

5.  Select  Next  SEQUENCE  (Fig.  6). 

6.  Change  Traffic  Lights : 

■  Use  LASTSTATE  and  THISSTATE  to 
determine  the  required  traffic-light  con¬ 
trol  signals.  Create  the  required 
GREEN-to-YELLOW-to-RED  and 
RED-to-GREEN  transitions. 

Note  that  routines  2  and  3  create  real  time 
delays  with  instruction  loops.  The  much  shorter 
execution  times  outside  these  major  delay  loop^ 
— which  vary  from  one  pass  to  another — <^n  ^ 
neglected  in  comparison. 


Plan  memory  and  register  use 

Some  of  the  common  storage  locations  ^ 
labeled  and  described  in  Fig.  9.  These  may 
memory  locations  or  registers,  depending  °n  1 
number  of  registers  available  in  the  microcom 
puter.  Each  of  these  locations  is  used  by  mo 
than  one  working  routina  j 

Two  fixed-data  tables,  shown  with  labels 
memory'  contents  in  Fig.  10,  could  appe*r 
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.  Get  MAXTRAFFIC.RT  and  shift  word 
START  tit  a  i  jS  found. 

Bitl  =  l"RTA  .  Bit6=l-RFT. 

Let  RTX  be  found. 

.  Compare  (CNT.RTX)  against  the  con¬ 
stant  (LIGHTTRAFFIC). 

If  (CNT.RTX)  is  less,  go  to  LIGHT. 
Otherwise,  go  to  SELECT. 


lirHT  .  (NEXTSEQUENCE)<— 1 

LIGH  .  RETURN 

cr.  cp T  ■  Compute  (MAXTRAFFIC.RT)U(NEXT. 

5t  TO.MAX.RT)  and  store  in  MAXPAIR. 

■  Compare  MAXPAIR  against  every 

data  word  in  STATES  table  (Fig.  10) 
If  match  found,  go  to  DO. PAIR. 

If  no  match,  go  to  DO. MAX 
/NOTE:  If  a  match  occurs,  let  I  be  the  line 

in  STATES  table  at  which  it  occurs. 
Then  STATEI  will  give  the  DELTA¬ 
TIME  to  the  two  ROUTES./ 


DO. PAIR  ■  Search  S.TABLE2,  .  .  .  until  a  byte  is 
found  with  bit8  =  l  and  low  order 
7  bits  match  line  I  of  STATES  table. 
Let  this  byte  be  found  in  S.TABLEJ. 
■  (NEXTSEQUENCE)*-J 
•  RETURN 


DO. MAX  •  Search  S.TABLE2,  . .  .  until  a  byte 
is  found  with  bits  =  1  and  a  1  in  the 
same  position  as  in  MAXTRAFFIC.RT. 
Let  this  byte  be  found  in  S.TABLEK. 

■  (NEXTSEQUENCE)-K 

■  RETURN 


ROM.  S.TABLE  defines  the  SEQUENCES 
chosen  in  Fig.  5.  STATES  represents  the  infor¬ 
mation  in  Fig.  3  used  by  the  Select  Next  SE¬ 
QUENCE  routine.  If  the  S.TABLE. POINTER  is 
an  8-bit  storage  location,  the  S.TABLE  of  Fig. 
-TO  should  be  positioned  to  fall  on  a  single  256- 
word  page.  In  this  way  only  the  8-bit  pointer  has 
to  be  incremented  to  sequence  through  the 
STATES.  This  approach  is  usually  efficient  with 
8-bit  microcomputers. 

Instead  of  a  detailed  instruction  sequence  for 
a  particular  microcomputer,  Fig.  11  shows  a  gen¬ 
eral  “word”  program  for  the  Select  Next  SE¬ 
QUENCE  routine.  The  flow  chart  for  the  routine 
is  in  Fig.  6,  which  also  contains  the  program 
labels.  The  word  program  can  be  converted  easily 
to  the  assembly  language  of  any  microcom¬ 
puter. 


Reference: 

1.  McCluskey,  E.  J.,  “Introduction  to  the  Theory  of 
Switching  Circuits, ”  McGraw-Hill,  New  York,  1965.  (see 
Prime  Implicant  Tables) 


11  A  "word"  program  for  the  Select  Next  SEQUENCE 

routine  (Fig.  6)  can  be  converted  easily  to  the  assembly 
anguage  of  any  microcomputer. 
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Microcomputer  I/O  Capabilities 

ANDRE  G.  VACROUX 

Bell  Telephone  Laboratories,  Holmdel 


Most  buyers  of  microcomputers  are  dazzled  by 
the  intricacies  of  CPU-chip  design,  but  the  use¬ 
fulness  of  a  microcomputer  depends  closely  on 
its  ability  to  exchange  data  with  peripheral  de¬ 
vices.  A  word  to  the  wise:  Explore  the  I/O 
architecture  before  you  buy. 

A  microcomputer’s  I/O  architecture  breaks 
down  into  these  areas: 

■  Transfer  techniques. 

■  Instruction  formats. 

■  Busses. 

■  Bus  structures. 

■  Interrupt  schemes. 

■  Memory-access  techniques. 


Three  kinds  of  I/O  transfer  techniques 

Most  microprocessors  allow  for  three  types  of 
I/O  transfer  techniques — programmed  transfer, 
interrupt-program  control  and  hardware  control. 
In  the  first  two  cases,  found  in  most  simple  ap¬ 
plications,  the  microprocessor  controls  the  trans¬ 
fer.  In  the  third  case,  system  hardware  controls 
transfer. 

When  all  I  O  operations  are  under  program 
control — with  all  instructions  to  receive  or  trans¬ 
mit  information  included  in  the  program — data 
are  transferred  whenever  the  corresponding  in¬ 
struction  is  executed. 

To  transfer  data,  the  program  addresses  a 
peripheral  device  with  an  input  or  output  com¬ 
mand.  In  some  cases  the  program  must  first 
check  the  availability  of  the  peripheral  by  check¬ 
ing  its  status  and  waiting  until  it  is  ready.  Typi¬ 
cal  of  this  approach  are  applications  where  in¬ 
formation  is  entered  one  character  at  a  time _ 

as  from  a  keyboard.  In  such  cases  the  micro¬ 
processor  must  spend  significant  “overhead 
time”  waiting  for  the  data  to  be  entered.  This 
isn’t  a  disadvantage  in  desk-calculator  applica¬ 
tions,  in  which  the  CPU  does  not  have  other 
functions  to  perform.  But  it  might  not  be  ac¬ 
ceptable  in  a  real-time  monitoring  system. 

The  interrupt-program  approach  requires  a 


© 


1  I/O  bus  structures  employ  several  schemes.  A 

dial  system  is  the  simplest,  but  it  limits  the  number 
of  I/O  units  (a).  A  party-line  system  reduces  the  num 
ber  of  lines  needed  for  a  distributed  system  (b)  ™ 
latter  system  also  comes  in  a  daisy-chain  version 
which  connects  devices  serially. 


smaller  1  O  overhead  than  that  of  programmed 
transfer.  I  0  devices  can  signal  the  microproces¬ 
sor  by  an  Interrupt  whenever  they  are  ready  t 
transmit  or  receive  information.  When  inform** 
tion  is  received  and  identified,  the  microproces.«>r 
interrupts  its  normal  program,  stores  it*  sta  f 
and  jumps  to  a  subroutine  that  allows  it  to  P*r 
form  the  transfer  operation.  Once  the  interrop^ 
has  been  serviced,  the  microprocessor  returns 
the  state  at  which  it  was  interrupted  or  -4<>IJU 
other  predetermined  state,  and  it  resumes  it-4  n',r 
mal  operation. 

This  approach  allows  the  microprocessor  ^ 
spend  a  minimum  of  time  servicing  an  *  ®  ^ 
vice.  Hence  it  can  perform  more  operation:' 


handle  more  peripherals.  ^ 

Hardware  control  of  information  transtl'r  .  _ 
not  used  much  in  early  microprocessor  »PP‘ 
tions.  but  most  newer  CPUs  can  accommod8^ 
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tluxl  requires  a  significant  amount  of 
The  j  hardware,  since  the  I  O  device  must 
»dd!t10  aIMi  control  the  data  transfer  directly 
jnitm  '  from  microcomputer  memory. 

'"Hut  the  software  support  is  minimal.  It  is 
t  d  to  the  initiation,  termination  and  recovery 
''fats  of  the  transfer.  These  aspects  are  per- 
t'ormed  automatically  without  microprocessor 

''^The  hardware-control  approach,  also  known  as 
direct-memory  access  or  data  break,  can  be  used 
to  transfer  blocks  of  characters  directly  between 
a  peripheral  device — such  as  tape,  cassette  or 
floppy  disc — and  the  main  microprocessor 
memory. 


I/O  instruction  formats  differ 


The  handling  of  programmed  I/O  operations 
varies  significantly  from  one  microprocessor  to 
another.  Most  microprocessors  have  special  I/O 
instructions  of  varying  length.  But  some  don’t 
have  any;  the  I  O  ports  are  treated  as  if  they 
were  RAM  locations. 

One  of  the  simplest  examples  of  a  special  I/O 
instruction  is  that  of  the  single-byte  instruction, 
with  a  different  word  for  each  I/O  port.  Typical 
is  the  I  0  instruction  format  of  the  Intel  8008: 


01  RRM  MMl. 

The  five  RRMMM  bits  define  1  of  32  (2s)  pos¬ 
sible  I  0  operations,  where  RR  =  00  implies  one 
of  eight  input  operations  and  RR  ^  00  one  of  24 
output  operations. 

T  he  Mostek  5065  has  two  types  of  single-byte 
insti  uctions.  One  provides  the  usual  I/O  opera- 
ions  tor  16  input  and  16  output  ports: 
input  accumulator  command  01  10  XXXX 
Output  accumulator  command  01  00  XXXX 
lhe  second  type  has  this  form: 
input  accumulator  skip  01  11  XXXX 
Output  accumulator  skip  01  01  XXXX 
( whUr*n^  execu^on  °f  these  1  O  instructions 
differ  ^  '  an  usec*  to  access  either  the  same  or 
ikni-1  ni  *  ^  ports’  depending  on  system  con- 
be  .fa  lorO>  the  rpu  tests  a  flag  bit,  which  may 
ever°tl!r0^e<*  ^  t*le  addressed  peripheral.  When- 
i„8t  lt'  d^g  bit  is  a  ONE.  the  next  two  bytes  of 
the  pC|10n  are  dipped.  This  option  simplifies 
P^ndi'^0^116  ^etween  CPU  and  peripheral.  De- 
pr°gra^  °n  a  per'pderal's  state  of  readiness,  the 
can  Perform  an  immediate  branch. 
struct^1**  extreme  simplicity  of  the  I  O  in- 
this  for  the  Intel  8008  and  Mostek  5065, 
that  Ca:;°aCh  hniits  the  number  of  I  O  ports 
is  32-  .  ^dressed.  With  the  8008,  the  number 

(82  25(T/^  ^65,  *t  s  64.  In  addition,  1  8 

struction  °r  14  256)  of  the  possible  in- 

conii  'VOr<^S  are  use<^  I°r  I  O  alone.  Hence 
"nations  are  left  for  other  purposes. 
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2.  Peripheral  devices  can  be  polled  periodically  to  find 

if  any  need  service.  However,  this  simple  technique 
can  be  time-consuming. 


Some  microprocessors  use  a  multibyte  I  O  in¬ 
struction,  although  here,  again,  there  are  sig¬ 
nificant  variations,  Intel's  8080,  for  example,  em¬ 
ploys  a  2-bvte  I  O  intruction  with  the  following 
form: 

110  1X011 
A  A  A  A  A  A  A  A 

The  first  byte  specifies  an  input  or  output  in¬ 
struction  (depending  on  the  value  of  X).  The 
second  bvte  distinguishes  between  as  many  as 
256  input  or  output  devices.  Hence  a  few  combi¬ 
nations  of  instructions  allow  the  use  of  many  I  O 
ports.  However,  twice  as  many  bytes  of  control 
memory  are  needed. 

A  different  2-byte  I  O  instruction  is  found  in 
the  Rockwell  PPS-8.  The  microprocessor  is  de¬ 
signed  to  operate  with  up  to  16  performance-en¬ 
hancing  I  O  devices,  each  of  which  has  two  8-bit 
ports.  Software  controls  the  devices,  and  internal 
registers  store  control  and  status  information. 
The  l  O  instruction  has  this  form. 

0  10  0  1110 
A  A  A  A  X  C  (  ( 

where  the  first  word  indicates  an  I  O  operation, 
AAAA  defines  one  of  16  I  O  devices,  X  specifies 
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an  input  or 
which  register 
cessed  by  the  CPU.  .  - 

From  a  comparison  of  the  I  0  instructions  of 

the  Intel  8080  and  the  Rockwell  PPS-8,  you  can 
see  that  there  is  a  tradeoff  for  a  given  number 
of  instruction  bits.  The  tradeoff  is  the  total  num¬ 
ber  of  I  0  ports  vs  the  intelligence  built  into  the 
interface  devices. 

However,  it’s  almost  always  possible  to  use 
memory  addresses  for  I  O  devices.  I/O  ports  are 
considered  as  if  they  were  RAM  locations;  an  in¬ 
put  is  performed  by  reading  memory  and  an  out¬ 
put  by  writing  into  it.  Though  a  program  may 
look  somewhat  more  obscure  (1  O  operations 
become  more  difficult  to  spot  if  the  program  isn’t 
documented),  operations  performed  on  input 
data  can  be  those  associated  with  RAM  data.  For 
example,  add,  compare  and  test  bits.  This  tech¬ 
nique  also  allows  for  a  number  of  I/O  devices, 
limited  only  by  the  size  of  the  memory  that  can 
be  addressed  by  the  microprocessor. 

This  approach  has  been  chosen  by  Motorola 
for  its  M6800  microprocessor,  which  doesn’t  have 
any  instructions  reserved  for  I/O.  The  number 
of  bytes  for  1  0  operations — typically  one  to 
three — depends  on  the  type  of  operation  and  on 
the  addressing  mode.  Special  peripheral  circuits 
in  the  M6800  family — such  as  the  Peripheral 
Interface  Adapter  or  the  Asynchronous  Com¬ 
munications  Interface  Adapter — are  designed  to 
be  compatible  with  this  approach. 

The  new  National  P ACE  processor  doesn’t 
have  any  special  I  O  instructions  either.  Like  the 
Motorola  M6800,  it  relies  entirely  on  the  address¬ 
ing  of  I  0  ports  as  if  they  were  memory  loca¬ 
tions.  Hence  all  memory-reference  instructions 
can  be  used  to  perform  I/O  operations. 

Information  travels  on  busses 

Parallel  lines  and  control  logic,  referred  to 
collectively  as  the  I  O  bus.  transfer  information 
between  microprocessor  and  I/O  devices.  The  bus 
contains  three  types  of  lines :  data,  device  ad¬ 
dress  and  command. 

Data  lines  consist  either  of  one  bidirectional 
set  or  two  unidirectional  sets.  In  the  latter 
case,  one  set  is  used  exclusively  for  inputting  of 
data  to  the  CPU  and  the  other  for  outputting  of 
data.  In  most  cases  the  width  of  the  bus — num¬ 
ber  of  lines — equals  the  word  length  of  the  micro¬ 
processor. 

Device-address  lines  are  used  to  identify  I  0 
devices.  The  theoretical  maximum  number  of 
available  address  lines  changes  significantly  from 
one  microprocessor  to  another.  It  depends  on  the 
wav  I  O  operations  are  handled.  The  number  of 
I  0  ports  can  vary  from  32  (or  2',  as  in  the 
Rockwell  PPS-8  or  Intel  MCS-8)  to  65  k  (or  2'" 


as  in  the  Motorola  MfiHOO  nr  National  IM|, 

Command  lines  allow  a  peripheral  to 
to  the  CPU  that  it  has  finished  its  previou/,' '*** 
ation  and  is  ready  for  another  transfer 

Other  lines  are  also  present.  You  can 
terrupt  lines  on  which  device*  request  «,*»•  r 
enable  or  disable  litas  that  can  la*  used  to 
trol  the  interrupt,  an  well  as  lines  that 
timing  whenever  required. 

The  different  busses  are  frequently  combined 
on  the  same  lines  to  simplify  construction  and 
in  some  cases,  to  reduce  costs.  However,  this  ma> 
increase  the  number  of  control  lines.  The  extra 
lines  are  needed  to  extract  the  necessary  jnf0r'. 
mation  from  the  common  bus. 

Three  ways  to  structure  the  I/O  bus 

I/O  bus  structures  can.  take  three  dilfereni 
forms:  radial,  party-line  or  daisy  chain  (Fig.  It. 

A  radial-bus  system  connects  each  I  0  device 
to  the  microprocessor  through  a  dedicated  set  of 
lines.  It  does  not  allow  the  connection  of  more 
than  one  I/O  unit.  Because  of  its  simplicity,  a 
radial  bus  provides  a  convenient  solution,  al¬ 
though  it  isn’t  usually  compatible  with  the  limited 
number  of  CPU  pins.  However,  it  is  a  possibility 
with  the  Rockwell  PPS-4  system. 

A  party-line  bus  is  time-shared  for  data  trans¬ 
fers  between  the  CPU  and  many  I  0  devices.  It 
must  provide  means  of  identifying  which  device 
is  being  called  on  at  a  given  instant.  It  does  not 
allow  the  simultaneous  use  of  more  than  one  I  0 
unit.  All  devices  are  accessed  in  parallel,  and  the 
choice  of  one  or  another  is  controlled  entirely  by 
the  microprocessor.  This  bus  structure  would  1# 
justified  mainly  in  the  case  of  a  distributed  sys¬ 
tem,  since  it  would  significantly  cut  the  numl*’r 
of  required  lines. 

A  daisy-chain  bus  is  very  similar  to  the 
party-line,  except  that  the  connections  are  made 
in  serial  fashion.  Each  unit  can  modify  the  sig¬ 
nal  before  passing  it  on  to  the  next  device.  This 
approach  is  used  mainly  for  signals  related 
interrupts  or  polling  circuits.  Whenever  a  de¬ 
vice  requires  service,  it  blocks  the  signal  A 
priority  is  thus  established,  since  the  devices 
that  are  closest  to  the  microprocessor  have  the 
first  chance  to  request  service. 

The  Fairchild  F-8,  for  example,  uses  the  daisy- 
chain  concept  to  organize  its  interrupt  priorities 
Each  RAM  or  ROM  chip — which  also  provides 
I  O  ports — can  accept  one  interrupt  input.  An 
each  chip  can  connect  to  its  neighbors  to  estab 
lish  priorities.  The  daisy-chain  technique  is  a150 
used  in  the  Rockwell  PPS-8. 

Generally  a  system’s  bus  structure  depend.' 
the  CPU  used.  Pin-limited,  first-generation  GP  p 
have  a  single  bus  that  must  be  time-shared  be* 
tween  memory  addresses,  instructions,  input  a° 


output  operation  and  CCC  determines 
within  the  device  is  being  ac- 
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3.  An  ideal  interrupt-service  routine  automatically  saves 
the  state  of  the  microcomputer  and  then  restores  it 
after  the  interrupt  has  been  handled. 


especially  when  the  microcomputer  is  not  very 
busy,  this  can  be  done  by  program  control.  But 
most  trequently  it’s  necessary  to  establish  some 
sort  of  interrupt  structure  that  allows  asynchro¬ 
nous  external  events  to  change  the  processing 
sequence. 

When  interrupt  facilities  are  not  available,  the 
onl\  way  to  find  out  whether  a  device  requires 
servicing  is  to  interrogate  it  periodically  by  in¬ 
putting  a  status  bit  and  testing  it.  When  the  need 
for  service  is  identified,  the  program  branches  to 
a  special  subroutine,  at  the  end  of  which  the 
program  returns  to  its  regular  operation. 

This  technique  is  quite  easy  to  implement 
(Fig.  2).  But  significant  time  could  elapse  be¬ 
tween  the  moment  service  is  requested  and  the 
moment  the  processor  recognizes  it.  The  time 
can  be  lessened  if  the  program  sits  on  a  small 
interrogating  loop  (dashed  line  in  Fig.  2)  or.  if 
the  microcomputer  is  programmed  to  interrogate 
the  inputs  frequently.  Neither  case,  however, 
represents  efficient  use  of  a  microcomputer. 

To  eliminate  wasteful  loops  without  sacrifice 
in  speed,  most  microprocessors  have  at  least  one 
interrupt  input.  Whenever  an  interrupt  occurs, 
the  microprocessor  terminates  the  instruction  it 
is  executing  and  branches  immediately  to  a 
service  subroutine  (Fig.  3).  Ideally  the  sub¬ 
routine  should  do  the  following: 


output  data,  device  addresses  and  control  signal 
This  time-sharing  requires  involved  peripher; 
circuitry,  consisting  of  numerous  latches,  mult 
plexers  and  timing  circuits.  Also,  output  info 
mat  ion  has  to  be  latched  before  it  can  be  directe 
toward  the  appropriate  output  device — usual 
another  latch.  Hence  output  bus  structures  usus 
>  have  to  be  of  the  party-line  type, 
n  second-generation  microprocessors  mo: 
an  twice  as  many  pins  are  available.  Typical 
.ere  ,IS  a  bus  for  addresses  and  another  for  i 

dirt i .  8  anc*  ^ata>  and  most  control  signals  a 
stj.p  '  accessible.  Although  some  time-sharir 
f  •  ls  n*-Jeded,  there’s  no  need  for  two-stage  bu 
N’evt'rth " ^'Veen  t*ie  CPU  and  output  devic 
figuration688  ^  ^  busses  employ  a  party-line  co 

°ne  or^ ei"  more  microprocessors  are  allocatii 
the  Var-1016  P'ns  ^or  external  flags.  For  exampl 
newerVTr'  ^pT6  has  two  flag  bits,  while  tl 
Mostek  -  —  Cll'P  °^ers  four  external  flags.  Tl 
flags  sim  r  ^aS  °ne  external  flag.  All  of  the 
inform^  lf,V  Pr°£ramming  when  a  single  bit 
u>n  bas  to  be  exchanged. 

errUpts  need  servicing 

device  be  ppl,eati°ns  require  that  a  peripher 
exb.‘mai  sm?Ced  as  soon  as  possible  after  son 
condition  has  occurred.  In  some  cast 


*  Save  the  microprocessor  “state” — all  the  in¬ 
formation  contained  in  the  accumulator,  the 
registers  and  the  internal  flag  flip-flops.  (This 
operation  isn’t  always  simple.) 

■  Acknowledge  the  interrupt  signal  on  a  spe¬ 
cial  line,  when  it  is  available. 

■  Perform  the  operation  called  for  by  the 
interrupt. 

■  Restore  the  state  of  the  machine. 

■  Resume  execution  of  the  program. 

The  elapsed  time  between  interrupt  and  the 
start  of  the  interrupt-handling  subroutine  is 
called  the  “response  time.”  The  difference  be¬ 
tween  the  total  time  elapsed  and  the  actual  exe¬ 
cution  time  is  referred  to  as  the  “overhead."  Both 
times  should  be  kept  as  low  as  possible. 


errupt  capabilities  vary 

The  capabilities  of  microprocessors  can  vary 
nsiderably  in  the  way  they  save  the  state  upon 
;eipt  of  an  interrupt  request  and  restore  this 
ite  upon  completion  of  servicing.  For  the  Intel 
08,  for  instance,  an  extensive  amount  of  soft- 
ire  is  required.  And  additional  hardware  is 
cessarv  for  saving,  at  least  temporarily,  the 
emulator  and  one  of  the  registers.  You  could 
oid  the  external  circuitry  by  wernnj  two  of 
>  seven  internal  registers  exclusively  for  status 
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->  I  ithci  .<n  t>niit>ln/(llikbl«  turn  turn  01  a  pt  Unity  slmc- 
tur«»  ran  bn  obtained  itMibly  foi  >1  mlcmprocessor  that 
h«s  nnilbni  A  conventional  Input  port  am  bn  uteri  to 
control  tln>  Inter  nipt  Input 

shm'm  I  tot  spivd  mut  program  ofileioney  probably 
would  bn  impaired. 

Newer  mu' Topronn.H.Mors,  such  ns  I Im  Intel  8080, 
Motorola  MtlB(H)  ami  National  FACE.  have  sp<> 
nial  hist  runt  ions  that  save  Ihn  stain  of  the  micro- 
oomputnr  by  pushing  si  at  us  information  into  a 
push-down,  or  lust  in  first  out,  stank. 

Kor  those  applications  that  have  few  interrupt 
sources,  the  Mustek  5065  oilers  a  unique  solu¬ 
tion:  ti  Hu-orporates  three  independent  sots  of 
neon  initiators,  program  pointers  and  link  llip- 
llops.  Whenever  an  interrupt  occurs.  the  proces¬ 
sor  ran  simply  shift  from  one  level  of  operation 
to  I  lie  next,  thus  making  status  saves  and  rest  ora- 
tions  unmnasHary, 

Recent.  microprocessors  -such  as  the  Intel 
8080.  Mustek  5065,  Motorola  M6800  and  Roek- 
vvell  l’l’S-8  have  Interrupt  Enable  and  Inter¬ 
rupt  Disable  instructions  that  set  or  reset  an  in¬ 
ternal  'interrupt -control  flip-flop.  These  allow  the 
disabling  of  the  interrupt  request,  whenever 
necessary.  In  micropnatwaora  not  having  this 
feature,  the  only  way  to  achieve  the  same  re¬ 
sult  is  to  use  external  hardware  to  gate  the  inter- 
rupi  signals.  The  hardware,  in  turn,  can  l>e  con¬ 
trolled  by  a  conventional  output  (Fig.  4). 

rho  Mustek  processor  employs  two  special  in¬ 
structions  to  control  tin*  enabling  or  disabling 
of  its  interrupt.  The  first  has  the  form 
0  0  0  0  10  M,  M„, 

which  allows  a  designer  to  enable  either  Inter¬ 
rupt  1  (M.,)  or  Interrupt  2  (M,)  or  both,  by 
making  the  appropriate  bit  a  ONE. 

The  second  instruction  has  the  form 
0  0  0  0  l  1  M,  M„, 

which  allows  a  designer  to  disable  either  Inter¬ 
rupt  I  (M.  >  or  Interrupt  2  (M,)  or  both,  by 
making  tin*  appropriate  bit  a  ONE. 

The  PACK  microprocessor  has  a  status  regis¬ 
ter  that  reserves  fi  of  its  Id  bits  for  interrupt 


control.  One  of  these  bits  can  disable  all 

I  .  .  I  ........  ..4- ri  l<  J..  ....* _ i  J. _ II _ i  .  0f  ^ 


ini 


errtipls.  II  is  automatically  set  to  a  ZERt  ^ 
I  In*  interrupt  service  routine,  but  it  can  be  *.J ^ 


by  software.  The  five  other  interrupt-contToH^ 

each  enable  or  disable  one  of  the  four  mb*  ^ 


inputs  or  a  built-in  interrupt  that  is  gena^r' 
when  the  stack  is  full  or  empty. 

To  control  the  status  bits,  however,  you  m 
use  a  few  instructions.  These  load  one  of  the  ^ 
cumulators  or  registers  with  the  information  aw 
then  duplicate  it  in  the  flag  registers. 

Each  source  of  an  interrupt  signal  is  usually 
associated  with  a  program-controlled  Arm  flip!. 
Hop.  A  programmer  can  enable  (Arm)  or  disable 
(Disarm)  one  interrupt  source  without  affect! 
ing  the  others.  Until  the  recent  introduction  of 
improved  support  circuitry,  this  feature  could 
be  implemented  only  with  external  hardware 
under  output  control. 


Assigning  priorities  to  interrupts 


Interrupt  requests  are  frequently  assigned 
priorities.  Whenever  two  interrupts  occur  simul¬ 
taneously,  the  one  with  the  higher  priority  is 
considered  first.  Furthermore  a  higher-priority 
interrupt  can  interrupt  the  service  routine  of  a 
lower-priority  interrupt.  Most  microprocessors 
don’t  have  built-in  priorities,  and  these  must  be 
handled  either  with  software,  external  hardware, 
or  both. 

Among  the  exceptions  are  the  Mostek  5065, 
which  obtains  two  levels  of  interrupts  through 
two  pins.  Also,  National’s  PACE  assigns  priori¬ 
ties  to  its  four  interrupt  inputs,  and  so  does  the 
Toshiba  TLCS-12  to  its  eight  interrupt  inputs 
Of  course,  the  daisy-chain  structure  in  Fair- 
child’s  F8  or  Rockwell’s  PPS-8  automatically 
provides  priorities. 

Most  microcomputers  have  a  single-lew* 
interrupt:  The  interrupt-  causes  a  transfer  Pi 
control  to  a  preassigned  memory  location  tha* 
contains  the  beginning  of  the  programmers  in¬ 
terrupt-processing  routine.  When  more  than  ottf 
device  may  cause  the  interrupt,  the  progra--* 
must  poll  all  possible  sources  to  determine  whic- 
requires  servicing. 

For  some  microprocessors — for  example  r 
Id’s  8008  and  8080 — the  interrupt  is  “vectored 
W  believer  these  units  receive  an  interrupt  ^ 


-.t.v.ivNvi  utcctc  miius  retcivc  *  v 

quest,  the  microprocessor  immediately 


*•  i‘c  hum  iunuvA*n»*v-% 

gates  a  few  input  bits  (the  vector).  These 


•  iiv 

specify  one  of  several  addresses — typical*.  ^ 

— and  the  program  jumps  to  these  to  f>n  . 
appropriate  service  subroutine..  Vector 
makes  polling  unnecessary  whenever  the  nU  ^ 
ot  interrupt  sources  is  smaller  than  the  nu 


defined  by  the  vector. 

In  some  eases — the  Intel  8008 


- 


•  ti  oviHp  i  - 1 1 iv  1  III  r  i  M — 

vector  must  1h*  constructed  with  externa 


ar«- 
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t>  A  direct-memory  access  facility  permits  efficient 
transfer  of  large  blocks  of  data  between  memory  and 
peripheral  device. 


ware  that  encodes  the  eight  interrupt  conditions. 
This  can  be  achieved  easily  with  priority  en¬ 
coders  like  the  SN74148.  In  other  cases — such 
as  the  National  PACE — the  vector  is  automati¬ 
cally  constructed  within  the  CPU. 

Multiple-level  interrupts  are  not  found  very 
frequently  in  presently  available  microprocessors. 
The  exceptions  include  the  Rockw’ell  PPS-8,  with 
three  levels  (one  of  which  is  dedicated)  ;  the 
Toshiba  TLCS-12,  with  eight  levels;  the  Mostek 
5065,  with  two  levels,  and  the  National  PACE, 
with  four  levels.  Multiple-level  interrupts  allow 
e  microprocessor  to  determine  immediately 
"nich  device  is  requesting  an  interrupt.  At  the 
s<*me  time  multiple  levels  simplify  assignment  of 
rrupt  priorities  by  eliminating  the  need  for 
Peual  hardware  or  software. 

t  anj  aPPlications  require  the  fastest  possible 
mj  n's  ei  °*  'arf?e  amounts  of  data  between  the 
Sys[°^Puter  memory  and  peripheral  devices. 
°f  tin!'  e^c*ency  car>  be  increased  by  avoidance 
in  wq|e'ul)nSum'nff  Pr°fframmed  word  transfers 
operation  ^  rn*cr°Processor  supervises  each 

re<used  efficiency  can  be  achieved  by  addi¬ 


tion  of  a  direct -memory  access  (DMA)  facility. 
It  allows  an  I  0  device  interface  to  "steal"  n 
memory  cycle  from  the  program  and  transfer  a 
w oi  d  of  data  directly  from  or  to  a  memory  ad¬ 
dress  specified  in  a  special  address  register.  With 
an  automatic  increment  of  (lie  n.l.hv 
after  each  word  transfer,  successive  words  of 
data  can  be  transferred  into  successive  memory 
locations. 

A  separate,  word-count  register  keeps  track  of 
the  progress  of  the  transfer.  Typically  the  regis¬ 
ter  is  loaded  at  the  beginning  of  the  operation 
with  the  number  of  data  words  to  be  transferred 
and  decremented  after  each  transfer.  On  reach 
ing  zero,  the  word-count  register  signals  the  com¬ 
pletion  of  the  transfer  operation  by  generating 
an  interrupt  signal. 

Circuitry  initiates  memory  cycle 

Additional  control  circuitry  is  also  required  to 
initiate  the  memory  cycle,  once  the  data  are 
ready  to  be  transferred  (Fig.  5).  This  circuitry 
depends  on  the  CPU  used.  Although  most  8-bit 
CPUs  have  DMA  capabilities,  the  problems  of 
implementation  can  vary  significantly  from  one 
unit  to  another. 

Direct-memory  address  can  be  initiated  either 
by  a  peripheral  device  or  by  the  microprocessor. 
In  either  case  programmed  control  loads  the  ad¬ 
dress  register  with  the  address  of  the  first 
memory  location,  and  the  word  count  register 
with  the  total  number  of  words  to  be  transferred. 

With  the  Intel  8080.  a  Hold  input  can  be  used 
to  request  the  CPU  to  enter  a  state  in  which  the 
following  occurs:  The  data  bus  and  the  address 
bus  go  to  their  high  impedance  state,  thus  al¬ 
lowing  an  external  device  to  gain  control  of  that 
bus.  The  CPU  acknowledges  the  Hold  input  with 
an  acknowledge  signal  on  its  HLDA  pin. 

In  the  Mostek  5065,  the  same  result  is  obtain¬ 
ed,  respectively,  with  WAIT  (input)  and  DMA 
(output). 

The  most  efficient  way  to  implement  DMA  is 
given  by  the  Rockwell  PPS-8.  A  special,  addi¬ 
tional  chip  can  be  used  to  control  up  to  seven 
independent  DMA  operations. 


Microprocessor  or  Random  Logic? 

DONALD  R.  LEWIS  and  W.  RALPH  SIENA 

Automata  Systems  Corp.,  Kew  Gardens,  N.Y. 


They’re  called  MOS/LSI  “computers  on  a 
chip.  And  they’re  giving  designers  a  new  sys¬ 
tems  building  block  to  replace  or  upgrade  ran¬ 
dom-logic  systems.  They’re  microprocessors,  and 
they’re  growing  in  number  commercially. 

Among  other  advantages,  microprocessors  per¬ 
mit  a  tradeoff  of  software  for  hardware  to 
achieve  increased  system  capability  and  versa¬ 
tility.  They  can  perform  many  functions  and  ef¬ 
ficiently  handle  multiple  inputs. 

Rut  there  are  disadvantages,  too. 

When  compared  with  a  random-logic  design 
microprocessors  are  much  slower.  Their  initial 
use  requires  designers  to  grapple  with  relativelv 
unfamiliar  disciplines— primarily  software.  And 
the  complexity  and  wide-ranging  capabilities  of 
microprocessors  demand  increased  system  design 
to  ensure  that  the  over-all  design  functions  prop¬ 
erly.  The  result:  Choosing  between  a  microproc¬ 
essor  or  random-logic  approach  for  complex  logic 

systems  requires  a  careful  analysis  of  the  trade¬ 
offs. 

Before  the  introduction  of  microprocessors, 
complex  logic  systems  used  discrete  and  random 
logic  to  perform  the  necessary  functions.  Inte- 
gated  circuit  families,  such  as  TTL  and  ECL, 
developed  small  and  medium-scale  integrated' 
functions  that  simplified  random-logic  designs. 
General  and  special-purpose  computer  manufac¬ 
turers  used  such  devices  to  build  their  systems 
Now  third-generation  computers  use  large  num¬ 
bers  of  these  devices,  coupled  with  various  types 
of  separate  memory  systems,  to  complete  their 
architecture. 


Microprocessors  find  growing  uses 

However,  this  computer  architecture  is  too 
cumbersome  and  costly  for  most  large  digital  sys¬ 
tems,  compared  to  microprocessors.  Such  systems 
include  CRT  terminals,  point-of-sale  and  other 
table-top  equipment,  as  well  as  lightweight  air¬ 
borne  equipment.  A  more  complete  listing  of 
microprocessor  applications  is  shown  in  Table  1. 


1.  Microprocessors  offer  the  lowest  cost,  but  at  the 
lowest  speed,  with  system  control  provided  by  firmware. 
For  the  highest  speed,  but  at  the  highest  cost,  random 
logic  is  the  way  to  go.  Minicomputers  fall  between  the 
two  approaches  in  this  speed-cost  tradeoff. 


The  basic  architecture  of  a  microprocessor.  This 
functional  diagram  covers  a  wide  range  of  industrial  and 

process-control  systems. 


A  new  direction  was  launched  with  the  emerg¬ 
ence  ot  calculator  chips.  The  present  calculator 
can  be  defined  as  a  small,  highly  specialized  com¬ 
puter.  The  memory  structure  consists  of  both  a 
fixed  and  a  variable  memory.  The  fixed  portion,  a 
read-only  memory  (ROM),  provides  a  system 
control  program  called  firmware — meaning  non- 
changeable  instructions.  This  contrasts  on  the 


one  hand  with  general-purpose  computers  Prf 
grammed  by  software,  and  on  the  other  h*n 
with  random-logic  systems  that  use  hard-"dr^ 
circuitry.  The  tradeoffs  for  the  three  are  >ncl1' 
cated  in  Fig.  1. 

An  extension  of  calculator  design  has  been 


MICROPROCESSORS:  New  Direction,  for  Design 


erg 


63 


Table  1.  Typical  applications  for  microprocessors. 


Desk  top  computers 
Automatic  typesetting 
Inventory  control 
Point-of-sale  terminals 

Telecommunication  switching  and  control 
Chemical  analyzers 
Manufacturing  control  systems 
Smart  instruments 
Machine  control 

Multiprocessor  minicomputers 
Adaptive  traffic-control  signals 


Processing  oscillographic  data 

Banking  terminals 

Automobile  diagnostic  testers 

Intelligent  data  terminals 

I/O  channels  for  large  computers 

Medical  electronic  systems 

Low-cost  radio  navigation  equipment 

Optical  character  recognition  (OCR)  devices 

Automated  test  fixtures 

Automatic  time  clocks  and  payroll  systems 


development  of  larger  word-length  systems  that 
are  closer  to  true  computer  architecture.  This 
evolution  has  resulted  in  the  microprocessor,  for 
computation  and  control  applications  besides 
calculators. 

Most  microprocessors  are  8-bit  machines,  while 
calculators  use  4-bit  word  lengths  but  are  flexi¬ 
ble  enough  to  handle  longer  words.  In  addition 
parallel  and  serial  machines  are  available,  so  that 
a  variety  of  memory  configurations  can  be  used. 


Basic  considerations  in  system  designs 


Regardless  of  which  approach  is  taken — ran¬ 
dom  logic  or  microprocessor — the  design  of  a 
system  calls  for  a  preliminary  evaluation  of  the 
requirements.  Some  of  the  general  considerations 
are  as  follows : 

■  functions  to  be  performed. 

■  Amount  of  hardware  required. 

■  Timing  specifications. 

■  Memory  requirements. 

he  number  and  type  of  functions  to  be  per- 
ormed  determine  the  basic  architecture  of  the 
da|lem  ^s^ems  operate  continually  on  new 
loir'  Can  ^  easily  and  cheaply  with  random 
sinTl  e*pec’a^y  where  the  decisions  are  few  and 
whiei e  in  ,systems  with  related  functions, 

cisioi  rf<!Lare  ar'thmetic,  logic  control  or  de- 
tthi  C'making  operations,  microprocessors  are 
of  Ins?  t0  g°’  F°r  systems  requiring  a  knowledge 
tj0ns  S  °Perations  to  perform  succeeding  opera- 
in  h;r^roProcess°rs  allow  a  greater  reduction 

a°y  system  that  can  be  laid  out  func- 
proe**?  a  comPuter  (Fig.  2)  can  use  a  micro- 
c°  -  88  basic  building  block.  The  basic 
petit] v  1  ar(bitecture  allows  continuous  and  re¬ 
form  ?  USe  a  mimmum  of  hardware  to  per- 
the  U3emaximum  of  functional  operations.  And 
c'enciea  t?  8emiconductor  memories  boosts  eff 
anks  to  simplified  memorv  addressinj 


Also,  systems  that  can  operate  on  a  bus  struc¬ 
ture  for  data  flow  further  permit  microprocessors 
to  minimize  hardware. 

Hardware  requirements  determine  the  physical 
size  of  the  system.  An  estimate  of  the  amount  of 
hardware  needed  can  be  determined  by  answer¬ 
ing  questions  like  these: 

■  How  many  input  and  output  channels  are  re¬ 
quired  for  data  acquisition  and  transmission? 

■  Do  all  input  and  output  channels  use  the 
same  data  rates? 

■  Are  all  input  and  output  channels  handling 
equal  amounts  of  traffic? 

■  Do  input  and  output  channels  operate  se¬ 
rially  or  in  parallel? 

■  Are  the  input  and  output  channels  randomly 
selectable  or  do  they  operate  in  some  predeter¬ 
mined  sequence? 

Based  on  a  detailed  analysis  of  these  questions, 
a  preliminary  layout  of  the  system  should  be 
made,  with  both  random  logic  and  microproces¬ 
sor  circuitry.  The  differences  in  the  hardware 
required  will  become  apparent,  and  for  some  sys¬ 
tems,  the  differences  will  be  startling  enough  to 
point  to  substantial  savings  with  a  microproces¬ 
sor  appi'oach. 

System  expansion  needs  should  also  be  kept  in 
mind  during  this  phase  of  design.  Often  first 
estimates  of  hardware  requirements  are  con¬ 
servative,  because  design  details  are  not  avail¬ 
able.  With  a  random-logic  approach,  addition  of 
hardware  for  increased  capabilities  may  not  be 
possible  without  a  complete  redesign.  But  with 
microprocessors,  the  expansion  can  often  be 
readily  accomplished  by  minor  changes  in  the 


WS-fG. 

iming  requirements  can  pose  special  problems 
»n  microprocessors  are  used.  They  are  s  u\ver 
n  most  computers  and  nowhere  “ 

random-logic  circuits.  To  detennme  th»e  re- 
■ements,  consider:  How  £ 
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fore  data  is  lost? 

For  example,  microprocessors  cannot  supply 
the  continuous  output  data  for  a  CRT  display — 
especially  one  that  is  continuously  changing. 
However  they  can  supply  updated  information  to 
an  output  device  that  services  the  CRT.  But 
high-speed  data  channels  have  to  be  serviced  so 
often  that  they  can  consume  an  excessive  per¬ 
centage  of  the  over-all  processing  time. 

The  over-all  timing  includes  the  percentage  of 
time  required  for  each  operation  (allowing  for 
maximum  and  minimum  values).  In  some  cases 
the  system  requires  buffer  storage  of  input  or 
output  data  to  meet  timing  specifications. 

Other  questions  to  be  answered  for  a  timing 
analysis  include  the  following: 

■  How  soon  does  data  have  to  be  available? 

■  How  quickly  do  system  functions  have  to  be 
performed  ? 

■  What  are  the  system  priorities — which  chan¬ 
nels  have  to  be  processed  immediately  or  more 
often  than  others? 

Both  random-logic  and  microprocessor  sys¬ 
tems  require  some  memory  storage.  A  checklist 
for  this  part  of  the  design  should  contain  the 
answers  to  the  following  questions : 

■  How  much  variable  information  is  required? 

■  What  type  of  programs  are  to  be  used? 

■  (  an  pi  ograms  be  selected  from  such  storage 
as  tape  or  disc  or  be  handled  as  firmware? 

■  How  many  file  registers  are  required? 

■  How  many  flag  registers  are  required? 

■  Are  other  memory  uses  unique  to  the  sys¬ 
tem  required? 

Large  memory  systems  make  the  use  of  ran¬ 
dom  logic  very  unwieldy.  Standard  microproces¬ 
sor  chips  may  not  be  the  answer  either.  In  those 
cases  you  may  have  to  design  a  high-speed  proc¬ 
essor,  using  small  and  medium-scale-integration 
logic  ICs,  such  as  those  found  in  TTL  families. 

Microprocessors  vs  random-logic 

Once  the  system-design  specifications  have 
been  determined,  the  selection  of  either  random 
logic  or  microprocessors  can  be  made.  While 
there  is  a  range  of  applications  where  either 
will  do,  at  the  extremes  one  approach  is  clearly 
superior  to  the  other  (Fig.  3).  Random  logic 
offers  design  advantages  when  one  or  more  of 
the  following  are  true: 

■  The  functions  to  be  performed  are  minimal. 

■  The  input  and  output  consist  of  single  chan¬ 
nels. 

■  The  system  operates  on  only  one  function 
at  any  time  (though  there  may  be  multiple  in¬ 
puts),  or  the  system  has  a  single-word  transmis¬ 
sion  structure. 

■  A  small  system  has  to  be  custom  designed. 

■  High-speed  operation  is  required. 


3.  Choose  between  microprocessors  or  random  lope.  - 

flow  diagram  can  be  used  to  analyze  the  tradeoffs. 


Microprocessors  offer  advantages  over  random 
logic  when  one  or  more  of  the  following  are  true: 

■  Software  can  be  traded  off  for  additional 
hardware,  so  that  system  capabilities  can  be  ex¬ 
panded  readily  without  system  redesign. 

■  Multiple  inputs  are  needed. 

■  A  large  number  of  functions  must  be  per* 
formed. 

■  Multidecision  paths  are  required. 

■  Large  memories  are  involved. 

The  disadvantages  of  random  logic  are, 
surprisingly,  related  to  the  advantages  of  micro¬ 
processors.  A  random-logic  system  requires  sub¬ 
stantial  hardware  increases  for  multiple  input' 
and  outputs,  or  to  line  up  data,  or  when  nsuRiP^ 
decisions  are  required  for  a  given  output,  More* 
over  many  operations  require  separate  logic  f** 
each  operation,  and  variable  data  must  be  stored 
before  the  required  function  can  be  performed-" 
as  in  arithmetic  operations. 


Mlt’ROPHOCKSSORS: 

f  the  disadvantages  of  microprocessors 
^'Yned  to  their  initial  use.  Increased  do- 
»r>’  c0""{  c0gta  and  ft  new  learning  cycle  for 
valoP^  for  example,  are  nonrecurring.  Gener- 
dea'Cu’se  of  microprocessors — which  really  are 
^  lP  subsystems* — requires  system  conaider- 
rn!1  I  u,  a||  design  levels.  And  their  use  involves 
'‘"wilier  variety  of  design  disciplines.  Of  course, 
a a  design  is  completed,  these  aspects  with 
their  problems  are  understood,  and  thus,  no 
longer  disadvantages. 

Types  of  microprocessors  available 

Available  microprocessors  can  be  classified  in 
two  ways:  by  the  size  of  the  data-word  length 
by  which  they  perform  their  processing,  and  by 
the  type  of  processing  used — either  serial  or 
parallel.  The  most  common  word  lengths  are  4 
and  8  bits.  Some  manufacturers  state  that  the 
word  length  can  be  expanded,  in  multiples  of  4 
or  8  bits,  by  combining  processor  chips. 

Four-bit  chips  are  especially  useful  for  sys¬ 
tems  that  perform  many  arithmetic  operations. 
Originally  designed  for  simple  calculators,  these 
circuits  later  evolved  to  perform  more  complex 
mathematical  functions — such  jus  trigonometric 
or  exponential  functions.  The  4-bit  processors  can 
also  be  used  for  larger  word  lengths.  However, 
the  words  must  be  composed  and  formatted  with 
external,  and  generally  cumbersome,  hardware. 

Most  microprocessors,  including  those  expected 
shortly,  are  8-bit  circuits.  These  are  designed  for 
terminal  or  stand-alone  operation,  although  they 
are  not  limited  to  this  use. 

Most  data  transmission,  primarily  asynchro- 
nous  require  data-word  lengths  of  8  bits  or  less 
a  ®  2).  1  he  longer  word  lengths  permit  the 
°1  standard  codes,  such  as  ASCII,  EBI)IC 
AU DOT.  And  operation  with  standard 

mem  nmplifie®  >nt-erfaee  with  other  equip- 
t  ’  teletypewriters  or  the  more  common 
ard  i  °  1  omPuters  and  modems.  Moreover  stand- 
allov'*  .7*"* la*  codea  with  up  to  8-bit  word  lengths 
D|ud]  *  U8e  full  alphanumeric  keyboards. 
Partial  °.Utpu*®  are  more  easily  handled,  too, 
are  r  "  a.r  ,v  w^ere  decoders  of  more  than  4  bits 

arp  required. 

Pfeferr^i  !  <,rnputers  of  more  than  8  bits  are 
raipr,.  !  *  °f  their  greater  addressing 

jint*  flexibility.  Microprocessors  are  not 
g  l>iis  ^  available  in  word  lengths  of  more  than 
tmnr  0Wev®r,  manufacturers  say  that  many 
be  01  longer  word-length  machines  can 

use  of  external  regis- 

niieroprogrammable  logic. 

^  pr()Cessor  yields  32-bit  word 

*  hifal  configuration  for  implementing  a 
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Table  2.  Data  processing 
involves  different  codes. 


Code 

Character 

Length 

(bits) 

Applications 

BCD 

4 

Calculators 

BAUDOT 

5 

International 

teletype 

transmission 

BCDIC 

6 

Second  generation 
computers 

USASCII 

7 

(parity 

optional) 

Data  transmission 
standard 

EBCDIC 

8 

I - 1 

Third  generation 
computers 

32- BIT  WOBO 


4.  An  8-bit  microprocessor  produces  a  32-bit  word  with 
external  logic.  Each  32-bit  word  uses  4-bytes  of  memory 
and  four  time  cycles. 


longer  word  length  is  shown  in  Fig.  4.  A  parti¬ 
tioned  word  is  extracted  from  memory  in  8-bit 
segments.  These  words  are  supplied  via  the  mi¬ 
croprocessors  to  the  multiplexer,  which  routes 
them  to  the  external  registers  where  they  are 
recomposed  and  stored.  The  register  outputs  now 
present  a  longer  word  length  to  circuitry  external 
to  the  processor. 

This  technique  is  necessary  to  achieve  greater 
word  length,  at  the  expense  of  cycle  time,  where 
the  system  does  not  use  an  external  micropro- 
grammable  CROM  (control  read-only  memory). 
The  more  general  approach  taken  by  some  manu¬ 
facturers  is  to  combine  several  of  their  chips  in 
parallel  to  achieve  a  greater  word  length.  How¬ 
ever,  to  date,  only  one  manufacturer  has  present¬ 
ed  a  system  with  this  capability,  and  that  is 
accomplished  through  the  use  of  a  CROM. 

The  second  characteristic  of  microprocessor 
categorizing  is  method  of  processing.  Serial  proc¬ 
essing  generally  uses  a  shift-register  memory 
and  has  the  advantage  of  less  hardware.  Al- 
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though  the  memory  shift  rate  may  be  operating 
with  a  higher  speed  clock,  the  access  time  be¬ 
comes  longer. 

Random-access  ability  is  not  usable  in  serial 
memories.  The  fetch  and  execute  times  are  long¬ 
er.  Adding  this  to  the  longer  access  time  seriously 
restricts  their  application.  Where  multiple  inputs 
and  outputs  are  used  they  become  impractical. 
The  ability  to  jump  from  one  part  of  memory  to 
another  is  also  extremely  limited. 


Parallel  processing  overcomes  the  limitatio 
of  serial  processing.  Parallel  processors  use ^ 
bus  for  the  transfer  of  data.  The  bus  allow4 
multiparallel  paths  for  data  transfer  through  th* 
system.  The  fetch  and  execute  cycles,  operatin! 
on  parallel-bussed  data,  can  operate  faster.  And 
the  use  of  random  accessing  of  memory  is  more 
easily  accomplished  with  a  data  bus.  The  wait 
ing  time  is  minimized  and  the  ability  to  jump 
from  one  location  to  another  much  simpler  to 
implement  with  little  or  no  loss  of  time. 
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The  Anatomy  of  a  Microprocessor  Chip 


nONALD  R.  LEWIS  and  W.  RALPH  SIENA 

Automata  Systems  Corp.,  Kew  Gardens,  N.Y. 


The  design  of  microcomputers — computing  sys¬ 
tems  using  microprocessor  chips — begins  with 
the  processor  chip.  Internal  operation,  timing 
relationships  and  external  circuitry  are  all  im¬ 
portant  because,  among  other  things,  they  affect 
the  efficient  use  of  the  instruction  set  provided 
by  the  manufacturer. 

Unlike  less-complicated  ICs,  microprocessors 
cannot  be  completely  characterized  on  a  simple 
data  sheet.  An  internal  microprogram  controls 
the  complex  circuitry  of  microprocessors.  And 
its  operation  depends  on  software  that  you  must 
provide.  But  you  won’t  know  how  unless  you 
carefully  analyze  how  the  chip  works. 

Let’s  look  at  an  8-bit  parallel  microprocessor 
— the  Intel  8008,  which  has  been  second-sourced. 
A  single-chip  MOS  LSI  processor,  the  8008  can 
directly  access  up  to  16,384  bytes  of  external 
memory  using  a  14-bit  address.  The  seven  8-bit 
general-purpose  registers  on  the  chip  can  ac¬ 
commodate  an  ASCII  character  or  two  BCD 
digits. 

Two  supply  voltages,  +5  and  —9  V  dc,  are  re¬ 
quired.  At  25  C,  the  IC  dissipates  1  W.  All  inter¬ 
connecting  lines  are  TTL-compatible,  and  each 
ol  the  eight  data  lines  can  drive  one  low-power 
TTL  load.  Suitable  clock-frequencies  range  from 

a  min.imum  of  about  300  kHz  to  a  maximum  of 
800. 


External  circuitry  needed 

To  form  a  computer  system,  the  microprocessor 
ypically  requires  the  external  circuity  shown  in 
th^  bidirectional  data  bus  connects 

e  m'cr°processor  to  the  external  memory  and 
eternal  registers  I,  and  L.  During  states  T, 
an<  T„  at  phase  the  control  logic  strobes 
J1  ^  into  the  external  registers.  It  also  deter- 
i  In,is  which  way  data  travel  on  the  bus  to  and 
the  microprocessor.  In  addition  the  control 
*lc  determines  when  the  memory  reads  or 
n  -%  and  it  activates  I/O  channels. 


EXTERNAL  LINES 


1.  A  computing  system  using  the  microprocessor.  The 

external  components  provide  the  interface  logic  for  con¬ 
trol  of  the  microprocessor  and  transfer  of  data  to  and 
from  memory  and  I/O  devices. 

External  registers  I,  and  I.  supply  addresses 
to  memory  as  well  as  data  bytes  and  pointers  to 
the  I/O  channels.  Data  from  the  two  most-sig¬ 
nificant-bit  positions  of  register  I  are  trans¬ 
ferred  to  the  cvcle  decoder.  The  decoder  produces 
four  cycles— PCI,  PCR,  PCW  and  PCC— which 
coordinate  the  internal  operation  of  the  micro¬ 
processor  with  the  external  circuitry. 

When  power  is  applied  to  the  processor  chip, 
32  clock  periods  are  needed  to  clear  all  registers 
and  to  initiate  the  internal  microprogram.  Then 
the  processor  goes  into  the  STOPPED  state  as 
indicated  by  status  bits  S„  through  S,— until  an 
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Table  1.  Nine  states  execute  LMI  instruction 


Cycle 

State 

Operation 

PCI 

T, 

Low-order  bits  of  program  counter  to  l~ 
program  counter.  1  ln®ftt 

T, 

High-order  bits  of  program  countermand  "contmThir 
to  1,.  “t* 

T, 

Fetch  instruction  byte  from  memory  location  address^ 
by  1,  and  l2.  Put  into  instruction  register. 

Skip  states  T,  and  Ts.  and  go  to  the  next  cycle  — — 

PCR 

T, 

Low-order  bits  of  program  counter  to  1,.  Increment"" 
program  counter. 

Ta 

High-order  bits  of  program  counter  and  control  bits — 

to  I,. 

T, 

Read  byte  (immediate  data)  from  memory  location 

addressed  by  1,  and  ls.  Put  into  auxiliary  register  b. 

Skip  states  T,  and  T,  and  go  to  the  next  cycle. 

PCW 

T, 

Register  L  out  to  1,  (low-order  address) 

T, 

Register  H  and  control  bits  to  l2  (high-order  address) 

Ts 

Register  b  to  memory  location  addressed  by  1,  andT~ 

Skip  states  T«  and  T,  and  go  to  the  next  cycle. 

END  OF  EXECUTION  OF  INSTRUCTION 

interrupt  occurs.  When  this  happens — and  during 
states  Tn  and  T. — the  address  of  memory  loca¬ 
tion  0  is  referenced  for  the  first  instruction  byte. 

If  the  first  instruction  has  been  loaded  into 
location  0,  the  instruction  byte  will  be  fetched 
during  state  T,.  Otherwise  the  internal  instruc¬ 
tion  decoder  attempts  to  execute  the  instruction 
represented  by  the  random-bit  pattern  in  mem¬ 
ory  location  0.  Then  the  microprocessor  sequen¬ 
tially  executes  instructions  or  branches,  as  pro¬ 
grammed. 

Table  1  shows  the  execution  of  typical  instruc¬ 
tion  LMI  (Load  Memory  Immediate — with  the 
next  byte  in  memory  following  the  instruction 
byte).  The  instruction  occupies  two  bytes  of 
memory,  while  its  execution  requires  three  cycles. 
At  the  beginning  of  the  instruction — and  during 
state  T, — the  eight  low-order  bits  of  the  program 
counter  are  sent  to  register  I„  and  the  program 
counter  is  incremented  by  one.  The  six  high- 
order  bits  of  the  program  counter  and  the  two 
control  bits  transfer  to  register  I,  during  state 
Ts. 

At  the  end  of  state  T2  the  cycle  decoder  sends 
a  PCI  signal  to  the  timing  logic,  indicating  that 
this  is  an  instruction-fetch  cycle.  During  .state  T 
the  memory  location  addressed  by  the  contents 
of  register  I,  and  L  is  read  into  the  instruction 
register  of  the  microprocessor.  The  instruction 
decoder  recognizes  that  this  is  an  immediate  type 
of  instruction  and  transfers  control  to  the  ap¬ 
propriate  microprogram.  Since  states  T,  and  T 
are  not  required,  the  cycle  ends  with  state  T.. 


Similarly  the  second-cycle  and  third-cycle  op¬ 
erations  are  executed.  Register  b,  in  the  second 
cycle,  refers  to  one  of  two  auxiliary  register? 
(the  other  is  called  a).  Both  are  used  by  the  mi¬ 
croprogram  to  transfer  data  internally.  Register? 
H  and  L — in  the  third  cycle — are  two  of  seven 
8-bit  registers  internal  to  the  processor  chip.  The 
seven  are  labeled  A  through  E,  H  and  L.  They 
make  up  the  accumulator  (register  A)  an(* 
scratch-pad  memory  (the  remaining  registers). 


Registers  H  and  L  should  be  linked 

To  execute  a  memory-reference  instruction,  >he 
logic  takes  the  14-bit  memory  address  from  the 
contents  of  register  H  (containing  the  6  most 
significant  bits)  and  register  L  (containing  t  e 
least  significant  8  bits).  The  instructions  con 
tain  no  field  for  the  memory  address.  , 

Since  registers  H  and  L  can  be  increments 
and  decremented,  as  well  as  operated  log’ca '  ? 


and  arithmetically  with  register  A.  it’s  pos» 


sible 


to  scan  and  index  all  memory  locations. 


When 


anu  1I1UBA  «11  UltJUlUIJr  -  V 

register  L  is  incremented  or  decremented  throw 
a  count  of  zero,  register  H  should  be  incremeo 
or  decremented  to  continue  the  scan. 

The  internal  circuitry  of  the  microproces-^ 
does  not  link  registers  H  and  L;  so  they  ^ 
linked  by  a  software  subroutine.  Table  -  s 


for 


one  subroutine  for  incrementing  and  one 
decrementing  through  all  16k  of  memory-  ^ 
contents  of  registers  II  and  L  are  indepen  e’ 


registers  n  anu  b  —gfli 

the  internal  instruction  address  and  the  Pr0 
counter. 


■  •’'xtyriers 


69 


Subroutine  links  registers  H  and  L 

fable  2-  _ _ _ _ _ ^ - - 


_ 

Label 

Instruction 

Binary 

Comment 

INCHL 

INL 

RFZ 

INH 

RET 

00110000 
00001011 
00101000 
OOxxxl 1 1 

INCREMENT  REGISTER  L 

RETURN  IF  NOT  ZERO 
INCREMENT  REGISTER  H 

RETURN 

®ss? 

DECHL 

DCL 

CPI 

377„ 

RFZ 

DCH 

RET 

00110001 
00111100 
11111111 
00001011 
00101001 
OOxxxl 11 

™..,?ECREMENT  Register  l 

COMPARE  AGAINST  THE  NEXT  BYTE 

ALL  ONEs 

RETURN  IF  NOT  MATCHED 
DECREMENT  REGISTER  H 

RETURN 

Ready  line  allows  processor  to  idle 

The  Ready  line  of  the  microprocessor  may  be 
activated  by  a  logic  ZERO  at  any  time  during 
an  instruction.  When  it  is,  the  microprogram 
proceeds  normally  until  it  reaches  the  end  of  a 
T.  state.  Then,  instead  of  going  into  state  Ts, 
the  microprogram  enters  the  WAIT  state;  the 
microprocessor  just  marks  time  by  repeating  the 
four  clock  phases.  Deactivation  of  the  Ready 
line  by  a  logic  ONE  and  after  phase  6.,..  causes 
the  microprocessor  to  resume  normal  operation 
by  going  into  state  Ta. 

The  Interrupt  line  may  also  be  activated  at  any 
time  during  an  instruction.  When  this  occurs, 
the  microprogram  continues  to  complete  execution 
of  the  remaining  cycles  of  the  instruction.  Then, 
instead  of  going  to  the  T,  state  of  the  PCI  cycle, 
the  microprocessor  goes  to  the  T,i  state.  As  a  re¬ 
sult,  the  external  circuitry  can  jam  an  RST  (re¬ 
start)  instruction  onto  the  data  lines  during  state 
T,.  The  instruction  calls  one  of  the  eight  loca¬ 
tions  in  low-order  memory  that  contains  the 
subroutine  that  services  the  interrupt. 

On  interrupt  the  contents  of  the  program 
counter  are  not  incremented  but  are  pushed 
•  in  an  internal  stack.  Hence  a  RETURN 
should  be  programmed  at  the  end 
the  e  interrupt  service.  This  instruction  causes 
pro?rr0^ram"COUn^ei  stack  to  pop  up  the  original 
sump  i'ni  Countei\  and  normal  operation  is  re- 


jj8  Vltal  to  processor  operation 

veys  inf^8  t*le  cyctes  and  states,  the  chip  con- 
h'  and  wlvt  <m  °n  wbat  is  happening  internal- 
auction  3  s^ou^  happen  externally.  Each  in- 
c°mpiete  .Quires  one,  two  or  three  cycles  to 
of  th'*!  executi°n.  and  each  cycle  is  com- 
stete  j8  *te’  f°Ur  or  five  states.  In  turn,  each 
!’Ved  fror^  Oosfd  of  four  sequential  pulses  de- 
m  the  system  clock. 


The  clock  phases  are  called  <f>,  and  <f>,  (Fig.  2). 
The  chip  internally  divides  </>.  by  two  to  form  a 
signal  called  SYNC,  which  is  made  available  to 
the  external  circuitry.  Each  cycle  of  SYNC  con¬ 
tains  two  pulses  from  <f>,  and  two  from  d>; — one 
each  from  the  two  phases  when  SYNC  is  high 
and  one  each  when  SYNC  is  low.  A  complete 
cycle  of  SYNC  is  called  a  state,  and  that  is  made 
up  of  four  sequential  pulses  called  phases — d>„, 
and 

Three  parallel  bits  on  the  status  lines  define 
the  present  state  from  eight  possible  states  for 
the  chip  (Table  3a).  Each  state  begins  with  the 
completion  of  phase  4>...  of  the  preceding  state. 
The  states  indicate  time  slots  for  functions  per¬ 
formed  by  internal  and  external  operations  of 
the  microprocessors. 

Normally  only  three  to  five  of  the  eight  states 
are  used  in  a  cycle.  The  remaining  states  can 
be  used  for  interrupt  (Tn),  direct-memory-ac¬ 
cess  conditions  (WAIT)  and  processor  halt 
(STOPPED). 

Under  normal  operation  8  bits  are  outputted 
from  the  chip  onto  the  external  data  lines  during 
state  T,.  Since  memory  addresses  require  14  bits, 
twro  passes  are  needed  to  output  the  complete 
memory  address.  The  low-order  part  of  the  ad¬ 
dress  is  the  byte  transferred  during  state  T,. 

The  external  circuitry  does  not  know  at  this 
time  whether  the  contents  of  register  I,  is  part 
of  an  I/O  instruction,  or  the  memory  address  of 
an  instruction  byte  or  a  data  byte. 

In  the  case  of  an  I/O  instruction,  the  byte 
outputted  during  state  Tt  is  the  contents  of 
register  A  rather  than  part  of  a  memory  ad¬ 
dress.  In  any  event,  the  byte  outputted  during 
state  T,  must  be  stored  in  external  register  I, 
until  the  external  circuitry  determines  the  type 


cycle. 

During  state  T,  the  microprocessor  delivers  to 
external  data  lines  the  six  high-order  bits 
i  memory  address  (or  the  po^er  to  thej^O 
nee)  as  well  as  two  control  bits.  Jh 
Tl L  the  two  most  significant  of  the  byte. 
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they  define  which  cycle  the  microprocessor  is 
presently  in.  The  byte  outputted  during  state 
T,  must  also  be  stored  in  an  external  register, 
I„  until  the  cycle  has  been  decoded  (Table  3b). 
The  cycle  defined  by  the  two  control  bits  de¬ 
termines  what  is  to  be  done  with  the  contents 
of  the  two  registers. 

In  state  T  the  microprocessor  either  inputs  a 


byte  of  data,  fetches  an  instruction  byte 
puts  a  byte  of  data.  These  transfers  a°r  01,1 ' 
formed  via  the  bidirectional  data  bus.  W  n  ,*r' 
particular  operation  depending  on  the  in.str  . 
being  executed.  U(t'°o 

During  states  T,  and  T,  the  microproce* 
executes  the  instruction  and  transfers  (jataTr 
tween  its  internal  registers.  Some  instrueti 
do  not  require  these  states.  In  these  canes  t? 
states  are  either  left  idle  or  the  cycle  etuis  h 
skipping  to  state  T,. 

Whenever  a  HALT  instruction  occurs,  the  i« 
croprocessor  goes  into  the  STOPPED  state.  The 
internal  registers  continue  to  refresh  themselves 
periodically,  maintaining  the  stored  data.  The 
microprocessor  remains  STOPPED  until  it  re' 
ceives  an  interrupt  signal.  It  then  goes  to  the 
T u  state  at  the  beginning  of  the  next  instruction. 
When  this  is  detected  on  the  status  lines,  the 
INTERRUPT  line  should  be  put  back  to  logic 
ZERO ;  the  microprocessor  then  resumes  normal 


b - (soo-kHz  clock  ) - ^  operation. 


2.  Internal  microprogram  control  uses  cycles  and  states 

to  convey  relevant  internal  and  expected  external  opera¬ 
tions  to  the  rest  of  the  circuitry.  A  typical  execution 


time  for  nonmemory  instructions  is  20  gs  (with  a  ^  ^ 
kHz  clock),  which  covers  states  T,,  T2,  T,.  T,  an 
or  a  typical  processor  cycle. 
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wtr„,  bits  identify  cycles 

1*°C  croprogram  cycle  is  defined  by 

a  sp«cific  Thim  (most  significant  two  bits) 
*.  f  r*™  ^r  L  at  the  end  of  state  T„ 
Of  <*“*",!  Jerforms  a  particular  port, on  of  an 
Each  cycle  pe  may  require  one,  two  or  three 

foreompleb^st  ^  ^  a  PCI  cycle, 

EACh  inht  ^  next  instruction.  The  instruc- 
which  fet!tinn  in  memory  is  contained  in  the 
tion’S  lunter  and  transferred  to  registers  I, 
progr*®1  gtates  Ti  and  T,,  respectively. 

Pig  s  shows  the  processor-state  transitions  for 

e*mi ring6 the  fourth  phase,  fa,  of  state  T,  it  is 
.nient  to  strobe  the  two  control  bits  through 
combinatorial  logic  into  one  of  four  cycle  flip- 
f,"  In  this  manner  the  external  circuitry 
knoWS  which  cycle  is  being  performed. 

For  the  PCI  cycle  the  contents  of  the  ad¬ 
dressed  memory  location  are  put  onto  the  data 
bus  during  the  next  sequential  state  (T:>).  The 
data  byte  enters  the  microprocessor  and  trans¬ 
fers  via  the  internal  data  bus  to  the  instruction 
register  and  decoder,  which  determines  the  op¬ 
eration  to  be  performed.  The  program  counter  is 
incremented  by  one  during  the  PCI  cycle. 

Some  instructions — such  as  Register-Register, 
Register-Arithmetic-Logic,  Rotate  and  Return — 
are  executed  internally  during  states  T,  and  Tr, 
of  the  PCI  cycle.  For  other  instructions,  the  PCI 
cycle  terminates  with  state  T  ,  and  additional  cy¬ 
cles  are  required  to  complete  the  execution. 

When  either  the  PCR  (memory-read)  or  PCW 
(memory-write)  cycles  are  indicated,  the  exter¬ 
nal  register,  I,,  holds  the  contents  of  register  L. 
The  six  least  significant  bits  of  external  register 
I.  hold  the  contents  of  register  H. 

for  a  PCR  cycle,  the  contents  of  the  addressed 
memory  location  appear  on  the  data  bus  during 
state  T  .  The  data  byte  is  entered  into  the  micro¬ 
processor,  and  transferred  via  the  internal  data 
“s  to  designated  register.  Depending  upon 
e  Particular  instruction,  states  T,  and  T„  may 
°r  may  not  be  used. 

_  .  or  a  Pf’W  cycle,  the  contents  of  the  appro- 
reKister,  as  designated  by  the  instruction, 
"ri tta^ar  on  the  data  bus.  The  data  byte  is 
the  en  memory  location  addressed  by 

T  TOntents  of  registers  I,  and  I2.  States  T,  and 
cvri  dipped  during  a  PCW  cvcle,  and  the 
'  ThA*nat-s  »ith  state  T„ 

OUTPt’T  -  cycle  is  used  only  for  INPUT  and 

comlk  instructions.  These  instructions  are 
by  a  510n,y  of  a  three-state  PCI  cycle  followed 

At  th  CyCle‘ 

h^ldst)*  atate  T,  external  register  L 

Externa!  c°n.tents  °f  register  A  (accumulator), 
register  I.  holds  the  least  significant 


Table  3.  Status  and  control  bits 
yield  states  and  cycles 


State 

Status  Bits 

S„ 

s, 

s, 

T, 

0 

1 

0 

T, 

0 

0 

1 

T, 

1 

0 

0 

T, 

1 

1 

1 

T. 

1 

0 

1 

T  „ 

0 

1 

1 

WAIT 

0 

0 

0 

STOPPED 

1 

1 

0 

3a 


Cycle 

Control  Bits  Function 

MSB  2SB ' 

PCI 

0 

0  INSTRUCTION  FETCH  CYCLE 

PCR 

1 

0  MEMORY  READ  CYCLE 

PCW 

1 

1  MEMORY  WRITE  CYCLE 

PCC  |  0 

1  I/O  CYCLE 

3b 


six  bits  of  the  instruction  byte  that  was  trans¬ 
ferred  during  state  T,.  The  instruction  byte  con¬ 
tains  a  field  of  bits  that  points  to  the  particular 
[  0  device  addressed.  The  instruction  also  indi¬ 
cates  if  it  is  an  input  or  an  output  operation. 

If  an  output  operation  is  called,  state  T  is 
idle  and  the  microprocessor  merely  marks  time. 
Meanwhile  the  external  circuitry  must  transfer 
the  contents  of  register  I,  (contents  of  the  accu¬ 
mulator)  to  one  of  24  possible  output  devices, 
as  indicated  by  the  pointer  field  in  register  L. 
Register  I,  contains  the  data  byte  placed  into 
register  A  before  the  OUTPUT  instruction  was 
executed.  The  cycle  ends  with  state  T,. 

To  call  an  input  operation,  the  input  byte  mu.  t 
appear  on  the  data  bus  prior  to  state 
state  T,  conditional  flags  will  appear  on  the  data 
bus.  These  may  be  examined  for  test  purposes  or 
to  -show  status  conditions.  At  the  end  of  sta 
the  inputted  data  byte  appears  in  register -  A 

The  input  device  may  be  addressed  in  one  ot 
twl  ways’  depending  on  the  — £ 

quired  to  input  fro™ 

the  pointer  field  in  tl  ntire  8-bit  byte 

The  second  method  uses  inter  field  of 

in  register  I,  (instea  o  possible  input 

register  U  to  address  one  of ^£#|er  A  are 
devices.  Since  t  e  co“  igter  j.  during  Tit  this 
placed  into  external  *  ;  address  to  be  placed 
technique  requires  the  d 
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Into  register  A  before  execution  of  the  IN¬ 
PUT  instruction.  Thus  a  single  input  instruction 
cun  address  several  input  devices  by  changing 
the  contents  of  register  A. 

230  instruction  codes  are  possible 

Most  of  the  microprocessor’s  basic  set  of  48 
instructions  have  modifiers,  such  as  registers  or 
condition  flags,  that  result  in  a  total  of  230  indi¬ 
vidual  instruction  bytes. 

Instructions  that  perform  internal  operations 
are  one  byte  long.  Immediate  type  of  instructions 
are  two  bytes  in  length,  since  the  data  is  in  the 
byte  after  the  instruction.  Three-byte  instruc¬ 
tions  are  used  for  call  and  jump  operations,  since 
a  t  wo-byte  address  follows  the  instruction  byte. 

There  are  six  types  of  basic  instructions.  The 
register  operations  include  register-register,  reg¬ 
ister-memory  and  increment  or  decrement.  The 
arithmetic  operations  are  addition  with  or  without 
carry  or  subtraction  with  or  without  borrow.  The 
logic  operations  include  AND,  OR,  EXCLUSIVE- 
OR  and  COMPARE,  as  well  as  ROTATE  register 
A  left  or  right.  Most  instruction  operations  can 
have  as  modifiers  any  of  the  seven  registers,  the 
contents  of  memory  (addressed  by  the  contents 
of  registers  II  and  L),  or  immediate  data  (next 
byte).  The  exceptions  are  INCREMENT,  DEC¬ 
REMENT  and  ROTATE  register  A. 

The  transfer  operations  cover  JUMP,  CALL 
and  RETURN.  These  may  be  unconditionally 
executed  or  executed  on  one  of  four  conditional 
flags  either  true  or  false.  The  flags  are  CARRY, 
ZERO.  SIGN  and  PARITY. 

Using  the  COMPARE  instruction,  tests  can  be 
made  for  less-than,  greater-than  or  equal  con¬ 
ditions.  The  ZERO  flag,  when  set  after  a  COM¬ 
PARE  instruction,  indicates  an  equality.  If  not 
set,  the  CARRY  flag  determines  less-than  or 
greater-than  conditions. 

An  additional  transfer  instruction,  RST,  is  a 
one-byte  call.  Normally  a  call  requires  three  bytes 
to  give  the  two-byte  branch  address  following  the 


3.  Each  cycle  causes  microprocessor  state  transition* 

A  cycle  begins  when  status  lines  indicate  state  T 


instruction  byte.  But  the  RST  instruction  ha." 
embedded  in  its  bit  pattern  the  location  of  the 
branch.  The  microprocessor  has  eight  individual 
low-order  memory  locations  that  the  R8T  in¬ 
struction  can  call. 

The  bit  pattern  of  the  RST  instruction  i-*  c‘ 
rived  by  adding  the  number  5  to  the  atldre» 
one  of  the  eight  individual  memory  locations  ■ 
example  of  this:  To  call  location  address  0.  t  * 
RST  instruction  would  be  5.  or  a  bit  pattern  o 
00000101. 
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The  foundations  of  successful  microprocessor 
use  are  the  choice  of  the  right  interface  and  ef¬ 
ficient  software  development. 

As  with  any  computing  system,  the  peripheral 
devices  for  use  with  microprocessors  must  meet 
system  requirements.  They  require  an  interface 
to  the  microprocessor.  The  right  choice  ensures 
that  the  advantage  of  minimal  hardware — gain¬ 
ed  by  the  use  of  microprocessors — will  not  be  lost 
because  of  an  overdesign  of  the  interface. 

Similarly  software  can  be  the  largest  single 
cost  in  any  computer.  With  microprocessors,  the 
ratio  of  software-to-hardware  costs  can  easily 
exceed  that  of  conventional  computers.  Hence 
there  is  need  for  an  efficient  procedure  to  de¬ 
velop  software. 

Microprocessors  can  operate  with  data  links 
that  are  either  direct  or  telecommunication  types. 
Either  type  permits  data  to  be  transmitted  seri¬ 
ally  or  in  parallel  on  a  bus. 

A  telecommunication  link,  unlike  a  direct  link, 
requires  a  modulator  demodulator,  or  modem,  to 


interface  the  system  to  the  link.  Modems  supply 
the  carrier  frequency  and  decode  transmitted  in- 
lormation.  Modem  designs  can  be  simplified 
by  the  use  of  universal  asynchronous  receivers 
and  transmitters,  or  UARTs  (Fig.  1).  These  are 
available  as  single  MOS  LSI  chips,  featuring 
MOS  or  DTL  TTL-compatible  inputs  and  out¬ 
puts.  For  serial  transmission,  baud  rates  can 
range  from  dc  up  to  40  kHz. 

Baud  rates  on  the  input  channels  also  affect 
both  the  design  of  the  interface  and  the  handling 
of  channels.  A  telecommunication  channel  can 
operate  with  baud  rates  up  to  2400  without  con¬ 
ditioned  telephone  lines.  But  higher  rates  of  4800 
and  9600  baud  need  conditioned  lines. 

A  single  microprocessor  can  handle  several 
channels,  each  operating  at  a  different  baud  rate. 
For  example,  systems  can  be  built  with  telecom¬ 
munication  channels  operating  at  300  and  600 
baud  rates  and  with  data  links  handling  10,000 
baud.  And  the  microprocessor  provides  simul¬ 
taneous,  asynchronous  control. 
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2.  Any  computer  peripheral  can  work  with  microproc¬ 
essors.  Interface  requirements  are  determined  by  word 
length  and  any  additional  hardware  needed. 


Keyboard  inputs,  both  numeric  and  alpha- 
numei  ic  ty  pes,  can  also  be  used  with  microproc¬ 
essors.  Standard  codes — such  as  ASCII,  EBDIC 
and  BAUDOT — as  well  as  special  codes  may  be 
employed,  depending  on  system  requirements. 
When  the  microprocessor  is  interfaced  with  a 
keyboard,  the  code  can  be  written  in  the  instruc¬ 
tion  format.  For  example,  all  48  instructions  of 
an  8-bit  parallel  microprocessor  can  be  derived 
from  a  single  keyboard. 

Microprocessors  permit  direct  operation  from 
teletypewriters.  The  prime  consideration  is  one 
of  level  shifting  to  obtain  a  TTL-compatible  in¬ 
put.  Most  teletypewriters  operate  from  either 
current-loop  or  EIA  RS232C  interfaces,  and  each 
requires  level  shifting  to  TTL  levels.  The  pro¬ 
gram  of  the  microprocessor  must  be  written  to 
accept  teletypewriter  codes. 

Generally  any  input  device  that  can  interface 
with  a  minicomputer  can  also  interface  with  a 
microprocessor.  The  possible  inputs  include  light 
pens — if  a  CRT  is  used — optical  readers,  sensors 
and  card  readers.  In  addition  storage  inputs, 
such  as  tape  or  disc,  can  be  readily  handled 
(Fig.  2). 

Microprocessor  outputs  may  pose  problems  if 
the  system  requires  high-capacity,  high-speed 
data  channels.  The  relatively  slow  speed  of  op¬ 
eration,  compared  with  that  of  minicomputers, 
seriously  limits  the  number  of  such  channels  that 
can  be  processed  by  a  single  microprocessor. 


However,  all  types  of  output  devices  , 
used.  es  8tiI) 


Tormat 


mmpatitMlity 


In  the  design  of  the  interface  forfw  4 
patibility  is  important.  This  includes  w?  co* 
length  and  field  arrangement.  The  Vw 
tion  can  minimize  date-transmission  tin,  ^ 
circuit  complexity,  and  simplify  the  J?  m 
software.  necess»ar)- 

The  word  length  affects  the  amount  of  hai* 
ware  required  at  the  interface.  A  fija 
length  can  be  standardized  for  a  number  of  ?! 
devices.  It  is  much  easier  to  implement  and  J 
trol  than  a  variable  word  length,  which  differ- 
for  each  device. 

A  field-oriented  data  word  can  offer  further 
improvements.  Words  with  4-bit  fields  or  word, 
with  one  2-bit  and  two  3-bit  fields  can  be  usd 
within  the  same  system  and  sometimes  even 
wuthin  the  same  channels.  Use  of  field-oriented 
w'ords  results  in  decreased  transmission  times 
and  increased  efficiencies. 

Another  major  consideration — channel  priori¬ 
ties — depends  on  the  data  and  traffic  rates.  Many 
channels  have  varying  levels  of  importance  to  the 
system.  Some  channels  may  have  to  be  processed 
faster  or  more  often  than  others.  This  would  call 
for  higher  data  rates. 


Where  many  inputs  and  outputs  are  serviced, 
varying  data  rates  are  obviously  preferable  to  & 
processor  overload.  However,  this  approach  re¬ 
duces  the  data  that  can  enter  the  system  at  any 
one  time,  as  well  as  the  time  for  processing  of  the 
data.  For  example,  an  8-bit  serial  data  word 
with  a  start  bit,  a  stop  bit  and  a  parity  bit— a 
total  of  1 1  bits — operating  at  a  300-baud  rate, 
requires  36.6  ms  to  transmit  one  word.  A  channel 
with  the  same  data  at  600  baud  requires  only 
18.3  ms.  Hence  twice  as  much  data  can  be  trans¬ 
mitted  in  the  same  time  frame  in  the  second  ca^ 
How-ever,  both  conditions  require  a  long  tiro* 
between  words  for  processing. 

A  channel  with  considerable  traffic  often  re¬ 
quires  more  frequent  processing  than  a  kw-'* 
ume  data  channel.  The  more  frequent  process* 
implies  less  backup  of  data  at  the  output  and  - 
storage  at  the  input  prior  to  processing. 


Software  brings  its  own  problems 

niAl°r 

Generally  software  costs  make  up  the 
cost  component  with  computers.  In  8onie-jjCxvv 
they  far  exceed  the  outlay  for  hardware, 
processors  are  no  exception. 

The  software  phase  of  the  design  (F»g  •  ^ 
for  performance  of  the  following  major  t*- 
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extern  definition. 

'  sy  definition  to  programs. 

,  fjqORtinK  ^ 

*  ['l2tS  of  functional  flow  and  detailed 

^Instruction  writing,  or  coding. 

,  Debugging 
«  Editing- 

«  Final  program  layout,  or  ROM  stacking. 
Proirram  design  tends  to  be  more  detailed  than 
that  for  a  conventional  computer.  The  basic  as¬ 
sumption  here  is  that  the  microprocessor  func¬ 
tions  in  a  stand-alone  application  and  that,  as  a 
result.  ROMs  will  be  used  to  store  the  entire 
program.  This  restriction  limits  the  total  pro¬ 
-am  unless  bank-switching  techniques  are  used. 
These  increase  the  apparent  size  of  the  memory 
beyond  the  maximum  rating  for  a  microproc- 


Direction*  for  Duilmm 


essor. 


System  definition  involves  the  major  tasks  to 
be  performed  by  the  microprocessor— which  is 
assumed  to  be  the  central  control  device  of  the 
system.  Data  formats  should  be  established  to 
maxumze  processor  control.  The  over-all  system 

can  be  hand,ed  wuhin 
straeiurtthe  3yStem  definiti°".  the  basic  pr0- 

tha„„,  ™  “h?  T  be  defined-  Each  ‘"P* 
m  represents  a  ma- 

Cl;  Tr2ntg  the  uae  °f  more  «“» 

should  be  written  t  '  °n  an  Executive  Program 
tio"  of  the  system 10  contro1  the  over-all  opera- 
the  different  fllri  arioua  routines — based  on 
P,ied-further  "S.°n®  °r  cornmand  codes  sup- 
Since  most  ^  ,V,de  the  main  program. 
around  an  8-bit  ^r°Ptofessors  are  designed 
efficient  if  if  8’  the  pro?ram  can  be  made 
Per  messJ!  °^rates  with  a  maximum  of 
mult'Ple-w0rd  ’ ‘if;  T.hla  ehminates  the  need  for 
!he  control  of  "tessinK  for  data  control.  And 
Tnput  devices  S!mn,and  codes  *s  a  function  of 
.  same  data  u-0VjS  * 'Ability  and  efficiency. 

Jf'  0(-  ^broutine  'f  Can  !|ave  a  different  mean- 
y  ’  T  each  input  device  or  chan- 

h  ^  Pr0£r*4™  a  . 

v°*  the  aofKv^n*  s^nKle  moat  important 
^r,/tWeeP  hardw  **  devel°Ptnent,  bridges  the 
v0)v  the  n.  are  and  software — or  firm- 

W  h^‘ are  r>Jrram  ia  ^  into  ROMs.  In- 

dwi«  °peration;  Te 

•  Ile  Kind  ot  programs  to  be 

°f  (l  pr°trram  a  ■ 

*1  th.Systl‘m  8^0ldd  Affine  every  step 

*<>»Proc  ,from  the  point-of-view 

40d  t,  •  hand.si, ‘  1  should  establish  the 

i  hWf y  1  between  the  peripherals 

tb!'hd  extern-,  P  .-1  aad  between  the  peri- 
'he  pr  C,rcuitry.  Some  of  the  spe- 

'  ■  ''Krarn  d  Pairvvi  _ •%  i  i  _ 
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3.  The  software  development  can  be  achieved  efficiently 
with  a  flow  chart.  As  part  of  the  final  design  steps,  a 
test  panel,  or  control  unit,  should  be  built  to  test  the 
program  after  it  has  been  loaded  into  ROMs. 


as  follow's: 

■  System-timing  requirements. 

■  Code  structures  between  the  system  and  ex¬ 
ternal  circuitry. 

■  Code  structures  to  and  from  the  microproc¬ 
essor. 


isor. 

■  Sources  of  microprocessor  data  during  all 

phases  of  its  operation. 

■  Method  of  Executive  and  other  program 

control.  ,  ,  .  .  o„ 

■  Method  of  program  interface  and  interac¬ 
tion. 

■  Memorv  structure  and  operation. 

A  functional  flow  chart  defines  the  functional 
,  •  n.a  if  not  contain 

operations  sequentially.  But  it  (lot^ 

sufficient  detail  to  allow  program  wntmg 
coding.  ...  limitation.  They 

Detailed  charts  overcome  this  limit  ^ 

are  derived  from  the  f“"^°and  lhe  manner  in 
estal  li  _ j  works  within  the  s>s- 
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LINE 
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INTERRUPT 
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ROUTINE 


PRINTOUT 
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ERROR 
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UTILITY 
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FOR 

FUTURE 

EXPANSION 


RAitn  \  tyo'S  memory  allocation  map  (ROM  or 

RAM),  an  8-bit  word  permits  a  page  and  line  orientation. 


PROCESS 

CONTROL 

FOR 

EXTERNAL 

HARDWARE 


UNUSED 


LOG 

CONVERSION 


ANTI  LOG 
CONVERSION 


MODEM 

CONTROL 


UNUSED 


CRT 

Display 

driver 


a/d 

CONVERSION 
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The  upper  6  bits  of  address  define  one  of 
the  lower  8  bits,  one  of  256  lines  per  page. 


64  pages 


e\er>  operation  that  must  be  performed.  For  th< 
instruction  writing,  or  coding,  the  programmer! 
need  only  know  how  to  program  the  microproees 
sor.  Any  engineer  trained  in  assembly  languag, 
for  any  computer  fulfills  this  requirement. 

rogram  debugging — generally  a  difficul 
task— can  be  simplified  by  software  aids.  Mos 
computer  manufacturers  supply  fairiy  complet, 
•  ^aie  packages  with  their  computers,  but  no 
all  microprocessor  manufacturers  do.  But  som 
software  aids  are  available,  and  they  include 
fortran  TV  assemblers  and  simulation  program 
on  some  time-sharing  services.  When  obtaine. 
iom  the  manufacturer,  simulation  program 
TsS  require  modifications  to  fit  the  compute 

editingTsets  the  proper  sequence 
within  a  program.  It  also  combines  the  variou 

addfth13  one  suitable  for  firmware,  an 
adds  the  proper  address  locations  to  the  sut 
routines  that  have  been  developed. 

The  over-all  program  now  takes  on  its  fin£ 
shape  and  can  be  tested  within  the  system  I 
ROMs  are  to  store  instructions,  an  erasable  field 
programmable  type  can  be  used  initially.  Eras 
able  pROMs  permit  full  program  test  and  coi 
recti  on  prior  to  the  use  of  top-mask  memories 
Erasable  pROMs  are  also  a  more  economical  al 
ternative  when  there  are  too  few  systems  t 
warrant  the  high  cost  of  top-mask  developmeni 

In  the  final  program  layout,  the  total  prograr 
can  be  re-edited  and  stacked  into  one  large  prc 
gram  for  final  ROM  commitment  (Fig.  4) 
ROMs  are  available  with  up  to  16  kbits  on 
single  chip. 


Programs  placed  on  large  ROMs  can  result  in 
significantly  reduced  size.  For  example,  two  Id- 
kbit  ROMs  can  replace  sixteen  2-kbit  pROMs 
In  addition  to  the  hardware  reduction,  there  ii 
an  appreciable  saving  in  power.  And  expected 
shortly  are  larger  capacity  ROM  and  RAM  10 
that,  require  even  less  power  per  bit. 


Several  ways  to  program  pROMs 

I  he  programming  of  pR0M9  can  be  done  b) 
the  pROM  supplier,  service  organizations  or  b. 
the  user  himself.  When  the  manufacturer  fills  the 
need,  the  information  must  be  presented  'n  * 
specialized  format,  which  can  be  quite  differen^ 
from  that  used  in  developing  the  programs,  1  e 
format  usually  requires  a  10-character  sche®1* 
tor  each  byte  to  be  programmed.  The  first 
acter  of  the  format  is  a  start  bit  character'1*-0 
the  ASCII  character  B.  The  next  eight  char¬ 
acters,  listed  as  P  for  positive  or  N  for  negat' 
denote  the  ONE  and  ZERO  bits  for  each  b>’!_ 
T  he  final  character,  F,  signals  the  end  of  the 
bit  word. 

Service  organizations  that  perforin  pROM 
gramming  can  accept  almost  any  format  0 
program.  For  example,  programs  can  b*  -  j 
plied  on  format  paper  with  only  ZERO* 
for  each  address  location.  The  program  *  ^ 
are  read  optically  and  the  program  Prjniw,tjlod 
lor  verification.  The  most  sophisticate 

-one  thut  also  costs  the  least — uses  Pli* 
paper  tape  in  an  8-bit  code.  Each  line  of  **»  ^ 
corresponds  to  an  address  location.  The 
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for 


each 


address  are  listed  sequentially, 


000 


77 


255. 


thr°UP  maximum  flexibility,  pROMs  should  be 
framed  by  the  designer.  The  aids  available 
Pib\vboth  initial  program  writing  into  the  pROM 


th:.pr°*ri*m  »« up 


from  a  completed  pROM  to  a  new 


more  than  one-quarter  of  the  total  *  ' "  ^ 

proKramminlf  h»»  mininwTXrt 

on  test.nr  tune.  At  this  phase  of  desien,  th,.  "' 
inK  time  can  be  critically  short. 


and 


SECTION  III 


Grappling  with 
Microprocessor  Limitations 


hv  genci  si,  t «'( huiques  described  in  this  section  enhance  specific  microproces- 
*A  I'1"  example,  the  first  article  shows  how  to  make  a  rather  fast  micro- 
pt\v«"  xor  even  faster.  Other  articles  cover  microprogramming  techniques 
external  circuitry  that  circumvents  microprocessor  limitations. 

\l  *o  included  it)  ihis  section  is  an  article  that  explains  how  to  use  mini- 
computerH  to  doling  microprocessor  systems.  The  technique  should  prove 
espeotaUv  helpful  for  micros  that  have  small  memory  and  limited  peripheral 
equipment  and,  therefore,  cannot  accommodate  diagnostic  software. 

Speeding  Microprocessor  Multiplication . 81 

lhrmann  Schmid,  Senior  Engineer  •Computers,  General  Electric 

On.,  fUnyhamton 


Microprogramming  Extends  LSI-Processor  Capabilities . 

George  Re  y  ling,  Jr. ,  Project  Manager,  National  Semiconductoi 
< 'arp.,  Santo  ('fora 


Debug  that  Microcomputer  System  with  a  Mini . . . 

lime  Hunan,  Research  Engineer,  ISKRA,  Ljubljana,  Yugosavm 

Improving  Microprocessor  Interrupt-Hand  ling  t  apabilitj  .... 

7bw  Pittman,  Microprocessor  Consultant,  San  Rafae  , 

Providing  the  Clock  and  Drive  Signal  for  the  8080  •  *  *  *  '' atemie 
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speeding  Microprocessor  MuitipUcatlon 

HERMANN  SCHMID 

Engineer-Computers, 

Gtneral  Electric  Co.,  Binghamton 


When  required  to  multiply,  microcomputers _ 

LSI  microprocessors  plus  support  circuits  and 
memories — may  be  too  slow  for  a  host  of  real¬ 
time  control  applications.  Typically  these  apnli" 
cations  require  multiplication  times  of  5  to  50  «s 
Microcomputers  need  several  orders  of  magni- 

ci  cuTth!?'  f th  ,eXternal  c^rcuitry — either 
Circuit  that  complements  the  CPU  or  a 

rltiplier-the  sp~d 

•  rroach  requires 

and  has  an  externally  ^  microprogrammed 
circuitry  differs  from  essible  contr°l  bus.  The 
However,  the  annrns  v,0^  Pfocessor  to  another. 

hardware  eompiexfty  ^  WgheSt  SpCed 

w*th'anv  LSI  ! 'l'"'ra'  multiplier  can  be  used 

E&srz-j?  vi less  “ 

8  *  8-bit  multiplier  ,  and  hardware:  An 

and  at  le^t  four  nine  MSI  circuits 

mu]tipiier,  these  reouirirn°dS;  ^  a  16  X  16’bit 
A  c°fnplemenUirv  S  are  doubled- 

fetor’s  IMP  ?6rlrCU,t  f°r  Nati0nal  Semi- 

J,Ul!t  ^ith  16  standard  Jlcr<*°™Puter'  can  be 
eseean  ^  inte  Sbl  and  MSI  circuits.  And 
board  that  is  ertonnected  on  a  3  x  4-in  PC 
C0^Puter.  °Unted  Piggyback  on  the  micro 

i  ter  circuit  has  been  designet 

annllab,e  16-bit°moriUini^beCaUSe  was  the  firs 
Jounced.  del‘  °ther  models  have  beei 

With  th 

^.Jr°c°mputer  b‘enmentary  .circuit,  the  Nations 
Signed  ooen  Wh  multiPlication  of  two  16 
l  tin,Wbb  a  6  5  Mti <U\  8  ln  microcycles,  or  2 

fc  *  ^UceS  I"  ^  ThUS  the  “*«**«*!* 

[  tj,  fast  7o a  '  a  la°tor  of  30  from  the  reb 
<  tr°~8oftVVar„  .  needed  by  a  conventions 
u  °f  ^Ven  fr  <,lx'rat'on-  It  is  retluced  by  a  fa< 
>*>  micron'  lhe  150  needed  by  an  o, 
I  '  *l0n»i.  Er nmmed  instruction  offered  ii 

I  aPpro  H'SO  reau^t  "hen  a  complemei 

^ati0lvs  ^  Used  for  division  or  square- 

‘  Or  T rvr>  _ _ i *  •  ••  .>  . 


- uiv  i.iiuu  v;i  sijuan 

1  tor  multiplication  of  signed 


multiplication  ^sumVthS’eTh  CirCUit  f°' 
(D  The  basic^pemion  of  th*  r'K|UirementS 
will  not  be  disturbed  or  imped^”^™1"116.' 
ditional  circuitry  will  provW^tte  n«LsTrv  w 
polar  or  MOS  interface  levels,  a^  “Idd! 


1  In  this  CPU  complementary  multiplication  circuit, 

CROM  outputs  are  replaced  with  special  control  signals 
that  permit  hardware  multiplication  operations.  The  ad 
ditional  circuit  blocks  consist  of  a  time  generator,  signal 
generator  and  multiplier  register 
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t innal  power  supplies  will  be  used. 

The  major  blocks  of  the  multiplication  cir¬ 
cuitry  are  connected  to  the  RALU  (register  and 
arithmetic  logic  unit)  and  ("ROM  (control  read¬ 
only  memory)  of  the  IMP-16C  (Fig.  1).  The  ex¬ 
ternal  circuitry  consists  of  the  Tv  time  generator, 
the  RALU  control-signal  generator  and  the  multi¬ 
plier  register  (MR). 


Key  microcomputer  operations 

In  a  typical  microcomputer  operation,  the 
receives  a  9-bit  operational  (op)  code 
from  memory  and  processes  it  into  the  RALU 
control  signals  (NCBX).  This  time-sequenced 
lb-bit  control  word  instructs  the  RALU  what  to 
do  at  each  phase  of  a  microcycle.  At  each  clock 
I  ium?  the  tour  lines  determine  the  following: 

■  1  11  nng  phase  d>„  which  register  (or  stack) 
>  connected  to  the  “A"  bus.  The  “A”  and  “B 
buses  constitute  the  two  ALU  input  buses. 


register  i* 

B  bus  and  also  whether  to  complem”"^ 

■  During  which  arithmetic  I, 

trol  operations  are  to  be  performed®  ,lld  ** 

■  During  which  signal  .  ; 

neoted  to  the  “R"  bus  (the  ALU  outni X*  <«■ 
into  which  register  (or  stack)  the  Pi  -  *  ai 
loaded.  1  is  to  l 

For  multiplication,  the  RALU  orm*  , 
nal,  from  the  CROM  are  replaced  with  «  r' 
l.v  generated  control  signals.  These  arc?, 
Hon  of  the  least-significant  MR  register  Wt  it 
switchover  in  control  signals  occurs 
tion  ot  a  special  multiplication  op  code-no^ 
the  instruction  repertoire.  The  op  code  sim,: 
turiis  the  CROM  off  and  the  T,  time  genera, Z 
1  he  time  generator  provides  a  period  16  micn> 
cycles  long  for  a  16-bit  multiplier,  and  it  star- 
one  microcycle  after  receipt  of  the  multiplication 
op  code.  Also,  Tm  connects  the  shift  clock  to  the 
MR  register.  A  function  of  this  register  is  to 


micrwomputer  «r  ma,«P«*tfon  to  speed 

ing  of  software  Tho  3  entails  the  writ- 

nniitip,iS;rcoI,hd°;tr  aATcult  “• 

not  familiar  ^  *  desi^ 

de^loITabMirmult-^  r‘Rht'  WiU  show  how  to 
right)?  °  multip,lcat*on  subroutine  (bottom 

Y  Assume  that  two  binary  numbers,  X  =  13  and 

plier  and  V  th^  mu!t!pl,ed*  x  ia  called  the  multi- 

mat  v  t  m“  t'plicand  Th"  pwcuure  re- 

whenever  the  least  signifi1"  tJ1°  P:rtlai  P'odtict  7. 
1.  When  X  n  ^"'hcant  multiplier  bit  X,  is 

the  partial  product'  and  ^fU?r  each  addition, 

to  the  right  by  Tbit  1 6  TU  t  p  ier  are  lifted 

n-bit  opekndJ.  a  t-bf  or  hf  °f 
product  results.  *  b,t  °r  doul>le-precision 

sequentially  byTfnTiv  mil>tiplieation 

subroutine  consists  of  three  steps  ^  mU,Up,k‘ation 
'  1  *  Initialize.  P  ’ 

<  2 1  Loop  and 
1  Finalize. 

ACl  is  reset  to  zero  In  ?  tht‘  ind«  »: 

A<0  when  the  LSB  of  A  CO  '  ?,  add  V  into 

tion  when  the  LSB  0f  \t  ,,  '  *  °m,t  the  addi- 

ACU  and  ACl  are  shitted  t,  u.  Th*’  contenta  of 


Digital  multiplication:  The  basics 

m llltinlinof  i zv»n  <• i 


a 
the 
we 
A  CO 


zo  = 
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000  0 
+  10  11 

10  11 
10  11 
+00000 


-►SHIFT  RIGHT 


Z2  = 

0  1  0  1  1 

1  A  1  1 

1  U  1  1 

+  10  1  10  0 

Z3  = 

II  0  1  1  1 

II  0  1  1  1 

+101 1000 

II 

NJ 

1  000  1  1  1 

.shift  right 


-SHIFT  RlGHT 


143  =  DOUBLE-PRECISION  ANSW£* 

OPERATIONS:  ACl,  ACO 
INITIALIZE:  ACO-*—  X,  ACl* 

AC3  -* — n 

LP  JUMP  *Z  if  ACO  LSB  =0 
ADD  ACl  — ACl  +  AC2 
RIGHT  SHIFT  ACl  LSB — J; 

RIGHT  SHIFT  ACO  L - ►  M!~b0 

DECREMENT  COUNTER,  SKIP 
JUMP  TO  LP 

FINALIZE  STORE  ACO  AND  ACl  IN 
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j  the  16-bit  multiplier. 
h*ll'  h  ,  \  cvcie,  or  microcycle,  the  multi- 
<  e**b  c  0cKhit  to  the  right.  And  as  the  least- 
iier>hiftS  °* l!,kiDlier  bit  (MR-LSB)  leaves  the 
;,U>ca,lt  ?  the  register,  the  least-significant 
J  side  ot  the  top  Side.  At  the  end  of 
^ister  thus  holds  the  16  low-order 

Jlfr*blt5,  external  register  to  store  the  multi- 
Use "rand  eliminates  the  following: 

t0  shift  through  the  “Link”  fliP- 

'  Jjfu  sutus  flag),  which  would  require  two 

’"‘'T’tng1 ofuie  multiplier  LSB  through  soft- 
'  which  would  require  a  conditional  branch 

Thfneed  to  establish,  increment  and  test  the 
h-v  counter,  which  would  require  another  two 

^instructions. 

The  RALU  control  signals  (NCBX)  are  gen¬ 
erated  with  simple  logic  circuits  and  connected 
to  the  NCBX  bus  during  TM  (Fig.  2).  Only  one 
transistor,  four  Tristate  MOS  buffers  and  six 
diodes  are  needed. 

The  multiplicand  is  loaded  into  accumulator 
AC2.  and  the  multiplier  into  the  external  regis¬ 
ter.  During  each  microcycle  either  the  content  of 
AC2  (MR  -  LSB  =  1)  or  zero  (MR  -  LSB  =  0) 

» added  to  the  content  of  ACO,  which  is  initially 
lero.  In  addition  the  contents  of  the  ACO  and 
MR  registers  shift  1  bit  right,  and  the  content 
lhe  least-significant  ACO  stage  shifts  into  the 
^‘■'  -significant  MR  register  stage.  At  the  end  of 
1  “  multiplication  operation,  the  most-significant 
pi-Kiuct  byte  is  in  ACO  and  the  least-significant 
°''te  ‘n  the  MR  register. 

*°r  design,  a  macroinstruction  loads  the 
u  tiplier  operand  into  the  MR  register  prior  to 
J'  m  ,'! ’plication  operation.  Similarly  another 
k!  ‘r,  i*  trUCt*°n  causes  the  16  low-order  product 
P  m  *  rea<*  0U1  ^rom  the  register  after  multi- 

%ial'°US'V  tbe  Per'0<^  and  the  RALU  control 
*eC  f’an  **  extended,  so  these  two  operations 
at  lhe  h‘Fb  speed  of  1  microcycle 
Piicity  ,i.lollt  aAditional  software.  But  for  sim- 
•  ’  TUs  approach  is  not  used. 

Slgnal  Pattern  easy  to  generate 

■  0 

n*  two  a  kardware  multiplication  opera- 

and*  n!K  °^rn*cro'ns^ruc^'ons  must  be  gen- 
iftj:  then  executed.  These  are  the  follow- 

<ACq, 

A<0,M  urr,*  +  °]  2  ’ if  MR  ~  LSB  =  0  < 1 ) 

°)  +  (AC2)]  2  « if  MR  -  LSB  =  1 

trTra,inlated  tv,-  (2) 

^nt  of  apII 118  means:  (1)  Add  zero  to  the 
k  Lgj,  and  shift  the  result  1  bit  right 
^ *  (2)  Add  the  content  of  AC2 
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I 

2.  The  complementary  circuit  provides  alternative  con¬ 
trol  signals,  labeled  NCBX,  for  the  RALU.  The  tech¬ 
nique  can  be  used  with  the  IMP-16C  because  it  is  a 
microprogrammable  processor. 

Table  1.  Command  codes  for  the  RALU 


ALU  functions 

NCB  (1). 
(0)  @  T5 

Function 

11 

AND 

10 

XOR 

01 

OR 

00 

ADD 

A,  B  and  R-bus 
addresses 

NCB  (2) 

(i).  (Q) 
111 

Address 

ZEROS 

FLAGS. 

STACK 

110 

R1 

101 

R2 

100 

R3 

Oil 

R4 

010 

R5 

001 

R6 

000 

R7 

Control  functions 

NCB  (3). 
(2)  @  T5 

Function 

11 

None 

10 

R-bus  control 

01 

Shift  left 

00 

Shift  right 

R-bus  control 


I/O  BYTE 
NCB(3)  (SININ 
@T7  @T5)  R-bus  value 

Output  of 


shifter 

Output  of 
shifter 

Output  of 
I/O  mux 

Value  of 
sign  input 
on  SININ 
@T7 


Table  2  RALU  signal  patterns  that 
pomfit  unsigned  multiplicahon 


■S  NCB3  «CB2  «B1JC80__0*« 

- - - rr^Ti  1  tAbUS)<e-0 


1  (B  bus)*-AC0 

0  SHIFT  RIGHT  ADO 

1  (AC0)«-(R  »>«> 

j  '  (Abus)*—  (A^- 

j  (B  bus)*— <AC0) 

0  SHIFT  RIGHT.  AOO 
,  (*C0)*-(R  bu,) 


A 


Mi 
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1 1>  the  content  of  ACO,  then  shift  the  result  in 
ACO  1  bit  right  if  MR  LSB  1. 

The  two  pseudo-microinstructions  can  now  be 
translated  into  the  required  RALU  control  sig¬ 
nals  with  the  code  definitions  in  Table  1.  The  re¬ 
sult  is  a  truth  table  (Table  2)  that  yields  these 
logic  equations: 


NCBO  </>,  +  0,  +  0. 

NC,B1  0  IN  +  0,  +  0. 

NCB2  0)B 


NCB3  0i  +  0*  +  07, 
wher<;  0(B  denotes  the  clock  phase 
by  the  multiplier  LSB. 


.  4> i,  switched 


The  problem:  Interfacing  and  timing 

|m|,|em,.nUn^  these  logic  equations  in  eithei 

th  pTi  ?  ,lev:els  would  be  a  cinch.  However 
e  KALU  and  CR0M  h»ve  both  types  of  inputs 


niquea.  The  outputs  may  be  eitT  US*  M°SWk 
puii.up/pU,,.dow„  typra: 

perform 

the  eight  time  periods  of  1  micros? 
ample.  CSHO  (carry-shift-zero)  *  « 

input  during  period  T,  and  output?  *  '""r‘ 
pulae  during  T„  Also,  the  NCBX  Srota  .  Sl"': 

Phases  ''Ven  t0  IOgiC  ZER°  d“™* 

The  timing  of  these  signals  is  very  critical  r 
example,  the  carry  output  signal  (CSHO)  * 

tzVt  tosberfabJe  °ni>-  ^  S  i« 

ns  oi  T..  Similarly  the  pseudo-NCBX  simat 
cannot  be  delayed  by  more  than  85  ns  fronwf 
start  of  the  clock  phase. 

Consequently  logic  levels,  impedances  and  the 


1  The  16-elock  T  period  is  generated  when  the  mult 
pl.cat.on  op  code  is  detected  FF2  provides  an  mverte 


pulse  that  presets  the  counter  to  0001.  UnleS*rf° 
wise  indicated,  TTL  circuits  and  levels  are  impl,e0 
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4  T  TO  ralvj  CONTROL  signal  GENERATOR 

thnUlt,^'er  re6*$ter  first  stores  the  multi- 

hfen  i(Wts  nT  Sh‘fts  ft  right  1  bit  P®1"  microcycle- 

1  e  least  significant  partial  product  bits. 


,  )h»  recister  contains  tr»e  16  L$3 

After  16  nmcrocycles^the  reg^  muWp|j#r  reglS,er  em 

double  precision  P _  ,  registers 
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timing  of  all  signals  to  and  from  the  IMP-16C 
play  a  critical  role  in  the  hardware  multiplication 
operation.  The  problem  is  aggravated  by  the  fact 
that  the  speed  required — a  6.5-MHz  clock — is  be¬ 
yond  the  capabilities  of  most  available  standard 
SSI  and  MSI  MOS  circuits. 

To  bridge  this  interface  gap,  one  MOS-to-TTL 
and  four  TTL-to-MOS  converters  are  needed,  all 
of  which  must  switch  in  less  than  50  ns.  The 
MOS-to-TTL  conversion  is  relatively  simple;  it 
can  be  accomplished  with  a  standard  CMOS  in¬ 
verter.  The  TTL-to-MOS — +5  to  —12  V — con¬ 
verters  require  capability  to  AND  two  TTL- 
input  signals  and  to  have  an  open-collector  out¬ 
put  that  pulls  low. 

The  NOBX  line  drivers  present  another  inter¬ 
face  problem.  The  signals  must  have  MOS  levels, 
and  they  must  be  connected  to  the  bus  only  dur¬ 
ing  T*.  \  et  they  must  switch  in  less  than  50  ns. 
The  Motorola  MC  14502  strobed  hex  inverter 
provides  three-state  output,  the  +5  to  —12  V 
levels  and  the  high  speed. 

The  solution 

The  timing  generator  is  initiated  when  the 
multiplication  op  code  appears  on  the  data  bus 

?ata  bits  7’  10’  U-  12-  13T14  and  15 
are  ANDed  at  the  data  input  of  a  two-stage  shift 
register  (FFl  and  FF2),  which  is  clocked  with 
the  leading  edge  of  clock  period  CM  (waveform 
A).  The  Q  output  of  FF2  is  thus  an  inverted 
pulse,  exactly  1  microcycle  wide  and  starting  1 
microcode  after  the  decoded  op  code  is  clocked 
into  FFl  (waveform  B). 

Pu,se  Presets  the  4-bit  counter 
to  0001  and  FF3  to  Q  =  l.  Thereafter  the  coun¬ 
ts  increments  with  every  CM  pulse  until  count 
\5  18  reached  and  a  carry  is  generated  (wave- 
form  C).  The  trailing  edge  of  the  carry  pulse 
resets  the  FF3  Q  output  and  the  period  TM  back 

exaXl(fiWaVef0rm,D)-  ThUS  the  T"  is 

exactly  16  microcycles  wide.  To  produce  the  clock 

pulses  for  shifting  the  MR  register,  TM  is  re- 

clocked  with  C„  and  gated  with  CM. 

The  enable  control  pulse  (ENCTL)  is  produced 
by  gating  <6,  with  the  carry  pulse,  but  it  is  con¬ 
nected  to  the  ENCTL  line  only  during  T„.  Its  pur¬ 
pose  is  to  turn  the  CROM  back  on  so  it  will  fetch 
r  e  next  ,n»truction  and  continue  with  the  macro 
program.  The  three  flip-flops,  FFl  to  FF3,  are 
r«?set  by  the  system  clear  pulse.  SYCLR,  to  en¬ 
sure  that  they  are  in  the  reset  state  following 
power  turn  on. 

shift,1  t  para'!eUin  P^allel-out  register  that 
n'f  1  *  H,!  "?ht  18  Used  to  3t«re  the  multiplier 
I  ig.  4).  Its  functions  are  to  store  the  multi- 

S/hift  *  1  bil  ri^ht  WJ  micro- 
tk  Sh,ft  thft  low'ordvr  product  bit  on 

he  (_i  MO  line  into  the  register.  After  16  micro¬ 


for 


cycles,  the  register  contains  the  16  l 
cant  bits  of  the  double-precision 

The  register  employs  four  4-bit  UnL ^ 
registers  and  three  Tristate  hex  %' 

multiplier  operand  is  loaded  into  the  MR 
prior  to  the  actual  multiplication  ] 
(before  TM),  with  a  macro  STORE  jr^***1** 
that  addresses  the  register  as  if  it  were 
memory  location.  The  use  of  specific 
dresses  for  peripheral  devices  has  an  advaV  ° 
The  access  is  faster,  and  all  memory-ref^ 
instructions  can  be  used. 

The  output  of  the  address-decoding  gate  (G3& 
connects  to  the  mode-control  input  (pin  6;  0f  u* 
four  4-bit  shift  registers.  When  the  register*  C 
addressed,  the  mode  control  signal  is  high,  aai 
when  the  clock-2  signal  (WRMP3)  switches  fr- 
ONE  to  ZERO,  the  registers  perform  a  para'ir- 
load  operation.  This  loads  the  multiplier  operand 
into  the  MR  register. 

The  gated  clock  signal  at  the  G4B  output  shift* 
the  MR  register  content  I  bit  right  at  theleadinj 
edge  of  the  CM  timing  pulse.  The  signal  (MR 
LSB)  on  the  least-significant  MR  register  output 
line  thus  constitutes  the  multiplier  operand  :c 
serial-binary  form. 

The  contents  of  the  multiplier  register  must  - 
loaded  back  into  accumulator  I  of  the  R-ALl 
following  completion  of  multiplication.  For  thst 
purpose,  a  memory  LOAD  operation  must  be  exe¬ 
cuted.  The  register  is  addressed  as  in  the  STOKE 
operation.  But  when  the  read-memory  ptfi-* 
(RDMQI)  occurs,  the  MR  contents  are  sen1  u 
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*A.TIPUCAM>  (Mtt 


#7 


SELECT  P, 
select  p, 

T2*I2»** 16  H,GH *» 

16  L0*  ORDER  BITS 


PM  0flPL 


8.J"0  V  2'bit  ,C  multipliers  sequentially  add  the  ter.  Control  of  the  operation  la  provided  by  the  two  least 

ara  lei  multiplicand  into  the  partial  product  regis-  significant  multiplier  bits. 


stii  ^Us  a  set  of  three  noninverting  Tri- 
e.  J!'^ers*  These  buffers  are  enabled  by  the 
«  address  and  the  RDMQ1  pulse. 
f0Uret.  control  signal  generator  produces 

Thus  me'multiPlexed  NCBX  signals  (Fig.  5). 
fequi contro1  the  RALU,  so  it  executes  the 
c°nsi!i'(  a(^  an<*  shift  operations.  The  circuit 
a  transistor  switch,  two  diode-OR 
The  f1..  *°Ur  s^r°l;>ed  inverters, 
the  di,  .raasistor  connects  the  4>t  clock  pulse  to 
di<xies  f °R  *ate  when  MR  ~  LSB  =  1.  The  six 
bine  th.  trn  *'Wo  three-input  OR  gates  that  com- 
the  swit  t  an<*  ci°ch  pulses  with  either  •/>,  or 
invmjfhed  c,oc.k  pulse,  The  strobed  MOS 
N’CBx  lo  a* e  Tristate  devices  that  connect  the 
ihR  f  _  ,gnal  to  the  RALU  control  bus  only  dur- 


Though  peripheral  multipliers  can  be  built 
with  a  number  of  available  MSI  ICs,  only  serial- 
parallel  (rather  than  all-parallel)  multipliers  are 
cost  and  speed-compatible  with  microprocessors. 
The  4  X  2-bit  IC  multiplier-  in  Fig.  6  is  an 


e  8  x  8-bit  peripheral  multiplier  consists  of 

; :: 

le-precision  products  are  stored  m  registers 

’testart  of  mulUpIication.^muJtiplicand 

multiplier  are  loadei  in  (he  multi- 

time. 
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empty  locations  are  filled  with  partial  product 

bits.  . 

The  two  Advanced  Micro  Devices  multipliers 

provide  a  2  x  8-bit  product  during  each  dock 
cycle.  Under  control  of  the  two  least-significant 
multiplier  bits,  the  multiplicand  is  added  with 
appropriate  weights  to  the  eight  LSBs  of  the 
partial  product.  The  result  is  then  stored  again 
in  the  partial-product  register. 

The  multiplier  operand  and  the  eight  most- 
significant  partial  product  bits  are  separated  in¬ 
to  odd  and  even  parts,  each  of  which  is  loaded 
into  one  4-bit  shift  register.  A  shift  of  two  places 
can  thus  be  obtained  with  one  clock  pulse,  with 
each  register  providing  one  least-significant  bit 
as  an  output. 

Four  shift  operations  are  needed  to  execute 
8  x  8-bit  operations.  This  means  that  the  basic 
multiplication  execution  time  is  four  clock 
periods.  Since  these  MSI  circuits  easily  can  oper¬ 
ate  at  a  clock  rate  of  4  MHz,  the  complete  multi¬ 
plication  can  be  performed  in  1  jjls. 

Extending  the  technique 

The  technique  can  be  extended  easily  to  handle 
16-bit  multiplicand  and  multiplier  operands  and 
a  32-bit  double-precision  product.  In  the  latter 
ca3e,  however,  the  length  of  all  registers  and  of 
the  actual  multiplier  must  be  doubled.  Similarly 


the  execution  time  also  increases  by  • 
two,  since  eight  shift  operations  mL, 
formed  now.  1  be 


To  use  a  peripheral  multiplier  in  a  m 
essor  system,  the  multiplier  must  operate  t?*' 
the  data  bus  and  be  treated  like 
peripheral.  When  multiplication  is  perform^ 
microprocessor  addresses  a  multiplier  J  • 
and  specifies  whether  the  data  are  to 
or  fetched.  06  ***** 

In  a  typical  operation,  the  register  would 
store  the  multiplicand  and  multiplier  oDi,rn 
and  then  fetch  the  high  and  low  product  Vu 
This  necessitates  two  output  and  two  input  oper' 
ations,  or  four  macroinstructions,  and  this  would 
require  much  more  time  than  the  actual  multipb 
cation. 

In  the  National  IMP-16,  each  I  0  operation 
requires  approximately  10  fis.  Consequently  the 
total  multiplication  execution  time  would  be  -t 
p.s.  And  for  a  complete  16  x  16-bit  periphery 
multiplier,  with  all  the  address  decoding  and  con¬ 
trol  logic,  approximately  18  MSI  and  eight  SSI 
integrated  circuits  are  required. 
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